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SUMMARY 

The  workshop  was  held  May  20-22,  1996,  in  a  resort  called  ‘Blue  Cliffs’  overlooking  the 
River  Tom,  located  about  10  km  from  Tomsk.  It  was  attended  by  about  50  people 
including  a  delegation  of  six  from  the  US,  and  individual  attendees  from  China,  Germany 
and  Poland.  Extensive,  often  humorous,  and  lively  discussions  were  built  around  25 
presentations  in  three  major  areas: 

Ion  Implantation  Technology 
Cathodic  Arc  Technology 
Intense  Beam  Technology, 

followed  by  a  final  discussion  period.  Submitted  manuscripts  from  the  presentations  are  to 
be  published  in  a  special  number  of  the  refereed  journal  Surface  Coatings  and  Technology'. 

The  following  sections  are  included  in  the  present  report: 

A  summary  of  the  visits  made  by  the  US  delegation  prior  to  the  commencement  of 
the  workshop 

Summaries  of  sessions  and  discussions 

Business  Cards  of  the  lecturers  in  the  order  presented 

Business  Cards  of  the  U.S.  delegation 

Business  Cards  of  other  Russian  colleagues  from  the  workshop  and  institutes  visited 
The  program  of  the  workshop 

Copies  of  all  the  manuscripts  which  had  been  submitted  for  publication  by  24  June 
1996 

Technical  literature  gathered  during  the  visit. 

The  languages  of  the  workshop  were  Russian  and  English  with  many  of  the  Russians  giving 
their  reports  and  carrying  out  discussions  in  fluent  English.  The  workshop  attendees  were 
particularly  fortunate  in  having  available  the  services  of  expert  interpreters  who  could 
translate  very  fluently  and  rapidly  in  both  directions  with  equal  facility.  These  were  Ms. 
Lubomira  Polkovnikova,  Ms.  Tatiana  Litvinova,  and  Dr.  Evgeniy  Krastelev.  An  indication 
of  their  extraordinary  ability  can  be  gained  from  one  occasion  where  Lubomira  gave  a 
running,  two-way,  translation  of  a  three-way  discussion  between  a  lecturer  and  chairman 
speaking  Russian  on  the  one  hand,  and  a  series  of  rapid  questions  from  an  English 
speaking  attendee  on  the  other. 

Following  an  informal  committee  meeting  in  a  Russian  ‘banya’,  the  question  of  a  follow-up 
workshop  in  about  two  years  was  debated  during  the  final  discussion  period.  One  of  the 
US  attendees  undertook  to  give  his  paper  in  Russian  should  this  re-match  take  place.  It 
was  generally  felt  that  a  second  workshop  was  indicated  in  about  two  years  time. 
Participation  in  such  a  workshop  should  be  expanded  to  include  experts  from  other 
countries  but  without  increasing  the  total  participant  number.  The  topics  should  remain 
much  the  same  but  with  coating  technology  as  based  on  the  cathodic  arc  to  be  included. 
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Generous  financial  support  was  provided  to  the  workshop,  in  alphabetical  order,  by: 

Hughes  Research  Laboratories,  Malibu  CA 

Linetron  Scientific  Industrial  Enterprise.  N.  Novogorod 

Russian  Department  of  Science  and  Technical  Policy,  Moscow 

Russian  Fundamental  Research  Foundation,  Moscow 

United  States  Industrial  Consortium,  Albuquerque  NM 

US  Army  Research,  Development  and  Standardization  Group,  European  Research  Office 
(U.K.),  London. 

Their  support  allowed  the  workshop  to  take  place.  It  is  also  providing  a  permanent  record 
copies  by  making  available  copies  of  the  published  proceedings  to  all  presenting  authors. 


TRIP  REPORT  ON  AMERICAN  DELEGATION  SITE  VISITS 

Associated  with 

THE  INTERNATIONAL  WORKSHOP  ON  ION  BEAM  SURFACE  TECHNOLOGY 
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Dr.  Paul  Wilbur 

Unless  noted  otherwise,  the  visits  were  made  on  May  19,  1996. 

(Any  information  noted  in  parentheses  denotes  uncertainty  on  the  part  of  the  writer  and 
editor,  AJP) 

Visit  to  Institute  for  High-Current  Electronics 

Prof.  Sergei  Bugaev  (Corresponding  Member  of  the  Academy  and  Director  of  the 
Institute)  gave  outline  of  Institute.  Established  1977.  Presently  staff  of  300  with  150 
scientists  (15  PhDs  and  2  Academicians).  Areas  of  focus  are: 

Pulsed  Power 

Z-pinch,  X-ray  Generators 

Gas  Lasers 

Electron  and  Ion  Sources 
Electrical  Discharge  Plasmas 

Much  of  their  work  involves  cooperative  efforts  with  researchers  from  other  countries. 

In  the  pulsed  power  area  equipment  includes  megavolt,  high-current  switches; 
megavolt  fast  storage;  terawatt,  pulsed  power  generation;  and  Marx  generators  (designated 
GAMMA).  Examples  of  Marx  generators  include  units  with  the  following  capabilities  - 
1  MW.  1.5  MA  unit  (SNOP-3);  1-2  MV,  2  MA,  2  MJ  units  (GI-4)  [4  ea.j;  and  1-2  MV, 
6  MA.  4  MJ  units  (GI-8)  [8  ea.].  We  also  saw  a  picture  of  GI-60  which  is  or  will  be  made 
up  of  60  units.  Connections  within  these  units  and  to  the  load  are  made  using  vacuum  coax 
lines.  SINUS,  which  is  an  electron  accelerator  used  for  microwave  generation,  was 
mentioned.  It  uses  a  0.1-2  MV,  1-20  kA,  5  ns  generator  that  operates  at  up  to  200  pulses 
per  sec.  BLACKJACK,  which  is  a  linear  transformer  with  many  primaries  and  a  single 
secondary  was  also  mentioned  as  part  of  this  effort. 

In  the  Z-pinch,  X-ray  generator  area  pulsed  inductive  storage  with  energies  to  4  GJ 
and  magnetic  fields  to  10,000  Tesla  (?)  were  mentioned.  There  was  also  mention  of  a  wire 
array  associated  with  the  gas  subsystem  that  provided  stability  to  70  pulses  (?).  Much  of 
the  work  is  being  done  in  the  area  of  high  power  microwaves  because  this  is  a  source  of 
money  from  other  countries  who  want  to  buy  equipment.  Other  applications  mentioned 
involved,  Cerenkov  radiation,  relativistic  effects,  resonant  traveling  wave  tubes,  BWO  (?), 
and  a  device  called  an  Oratron.  Specific  units  mentioned  operated  at  3  GW,  3  cm  wave 
length,  20  Hz  and  at  500  MW,  0.8  cm  wavelength  and  0.1  Hz.  Work  that  had  been  done  in 
cooperation  with  Marconi  in  England  on  a  1  GW,  3  cm  system  to  be  used  for  cruise 
missiles  designed  to  fly  at  —100  m  altitude  was  also  mentioned. 
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In  the  gas  laser  area  a  Xe-Cl  laser  that  operated  at  10  kW.cm'2  in  the  126-350  nm 
wave  length  regime  was  mentioned. 

In  the  area  of  basic  research  on  electrical  discharges,  topics  mentioned  included: 
Vacuum  discharges 

High  pressure  discharges  for  laser  applications 

Low  pressure  discharges  from  which  ions  and  electrons  can  be  extracted 
Electron  sources  for  lasers  (electrons  flow  radially  inward  through  film 
windows  from  a  2.5  kV,  ~  100  A  discharge) 

The  use  of  Tesla  transformers  was  mentioned  for  some  electron-source  applications  as 
were  hollow  cathode  designs  for  electron  beam  systems.  It  appeared  that  all  electron  and 
ion  beams  being  studied  were  pulsed. 

During  a  general  discussion  of  laboratory  operations  it  was  pointed  out  that: 

In  the  past  (i.e.  pre  Soviet  Union  breakup) 

60%  of  budget  came  from  state 

40%  from  contracts  (industrial  &  external  military  grants) 

Now 

20%  from  state 

50%  from  foreign  customers 

30%  from  ministries  of  foreign  countries. 

Twenty  five  people  have  gone  from  this  institute  compared  to  as  much  as  50%  of  staff  in 
other  institutes.  For  example,  in  the  Atmospheric  Optics  Institute  there  were  1000 
development  and  scientific  people  while  there  are  now  only  500.  Institute  of  Strength 
Physics  and  Materials  Science  has  grown  from  400  to  500.  Institute  of  Oil  Chemistry  now 
has  250  compared  to  300  before.  Most  people  have  gone  into  businesses,  some  have  gone 
abroad.  The  structure  of  the  academic  township  was  mentioned.  Novosibirsk  is  the  capital 
of  the  Siberian  division  (55  institutes).  Other  divisions  include  the  Ural  and  Far  Eastern 
divisions. 


Visited  Prof.  Dmitry  Proskurovsky's  laboratory  and  saw  apparatus  for  electron  beam 
heating.  A  pulsed  electron  beam  of  uniform  current  density  is  sought.  One  systems  uses 
dense  electron  jets  from  many  metal  pins  arranged  in  regular  pattern  in  a  ceramic  plate. 
This  was  described  as  a  plasma-field  diode  system  that  has  a  rarified  downstream  plasma 
and  a  non-propagating  double  layer  at  the  plate/pins  electrode.  Operation  involves  a 
voltage  pulse  that  first  goes  positive  for  a  rather  short  time  (to  generate  plasma)  and  then 
negative  for  a  considerably  longer  time  and  a  greater  voltage  magnitude  (to  accelerate 
electrons  through  the  plasma).  Applied  voltage  magnitudes  are  of  order  10  kV.  The  e- 
beam  is  used  to  polish  (smooth  and  clean)  surfaces.  A  titanium  compressor  blade  was 
shown  as  an  example  of  what  can  be  done  and  it  looked  good  to  me.  A  new  development  is 
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an  indium-gallium  liquid  metal  cathode.  It  appeared  to  me  that  one  would  be  used  to 
replace  each  metal  pin  and  an  operating  one  was  shown  to  us.  It  runs  on  500  kHz  pulsed 
power  and  can  operate  at  70  kV  although  operation  at  lower  voltage  is  easier.  Cathode  life 
is  of  order  one  billion  pulses. 

Visited  some  of  the  Marx  generator  systems  (designated  GAMMA?)  used  to  supply 
pulsed  power.  They  are  very  large.  Saw  pulsed  ion  sources  suitable  for  operation  on  either 
metal  or  gas.  They  operated  at  ~  80  keV,  delivered  1017  ions.cm 2  over  a  20  cm  diameter, 
in  —30  min.  Cathode  life  is  about  40  hr.  Metal  vapor  is  derived  from  an  arc  discharge  and 
it  was  suggested  that  it  could  operate  on  most  metals  (chromium  was  mentioned 
specifically).  I  believe  the  system  includes  a  5  ns  switch  developed  with  French  and  Sandia 
personnel. 

Visited  low  energy  electron  source  that  was,  as  I  recall,  being  sold  to  China 
(designated  SINUS).  It  was  a  25  kW  system  that  used  a  trigatron  and  50%  efficiency  was 
claimed.  It  deposited  50  J.cm 2  operating  at  60  A.cm Operating  pressure  was  0.001  Torr 
and  10%  of  the  electrons  produced  were  lost.  A  3  cm  beam  diameter  was  produced  and 
self  field  induced  some  compression  in  this  diameter. 

Saw  a  plasma  deposition  system  that  used  hot  cathodes  in  sources  (3  or  4  of  them) 
at  a  discharge  voltage  of  20  to  60  V  and  a  discharge  current  of  10  to  100  A.  The  system  is 
used  for  cleaning  and  activation  and  it  can  be  operated  on  reactive  gases.  Films  having 
good  adhesion  are  applied  with  the  system.  Plasma  density  is  101  .cm'3  and  electrons 
consist  of  two  groups,  a  Maxwellian  one  with  a  temperature  near  5  eV  and  a  nearly  mono- 
energetic  one  with  an  energy  in  the  range  20-30  eV.  The  system  utilizes  a  magnetic  field 
that  serves  to  filter  the  output  of  at  least  one  of  the  sources. 

Saw'  an  IBAD  system  that  used  a  magnetron  and  ion  implanter  combination.  It 
sounded  like  the  two  components  were  operated  sequentially  to  apply  metallic  coatings 
that  adhere  well  to  ceramic  surfaces.  Films  are  applied  using  lithographic  techniques  and 
mention  was  made  metallized  regions  applied  to  ceramics  so  metal  elements  could  be 
soldered  to  them. 

Visited  a  facility  designated  as  a  technology  system.  Among  other  applications,  it  is 
used  to  apply  titanium  metal  coatings  to  decorative  glass  plates.  The  glass  was  cleaned 
only  with  water  before  it  was  placed  in  the  system  for  plasma  cleaning.  The  sources  use 
hollow  cathodes  in  some  cases  and  hot  filaments  in  others.  Metal  is  accelerated  through 
-60  V  sheath  onto  the  surface.  The  processing  rate  is  about  6-10  sq  m.hr  1  and  coating  on 
a  batch  basis  costs  about  $40  m'2.  Post  heat  treatment  is  used  to  create  alternative 
patterns. 


Visit  to  Institute  of  Strength  Physics  and  Materials  Science 
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Met  initially  with  Academician  Victor  Panin.  He  indicated  that  the  work  of  the 
institute  is  focused  on: 

Mechanics  of  Deformable  Solids 

Materials  Science 

Strength  and  Plasticity 

He  pointed  out  that  TEM  has  been  used  to  study  the  motion  of  dislocations  is  what  is 
termed  the  micro-mechanical  level  (regime).  Researchers  have  worked  for  decades  to 
relate  these  findings  to  mechanical  failure  characteristics  of  materials  that  are  observed  on 
the  macro-mechanical  level  (regime).  They  have  been  unable  to  establish  significant 
relationships  between  measurements  made  in  these  two  levels.  In  Tomsk,  they  have  now 
defined  a  new  level  (the  meso-mechanical  or  meso-level)  in  a  solid  under  load.  Their 
objective  is  to  connect  the  mechanics  of  a  continuous  medium  (macro-level)  with  plasticity 
physics  (micro-level)  using  this  meso-level.  They  want  self-consistent  descriptions  of 
motion  on  the  three  levels.  Ion  implantation  has  a  dominant  influence  on  the  micro-level 
where  its  influence  on  the  behavior  of  dislocations  and  slip  is  well  known.  On  the  meso- 
level,  vortical  motion  of  dislocations  leading  to  meso  bands  is  observed.  It  was  argued  that 
fatigue  is  primarily  a  meso-scale  phenomenon.  On  the  meso-level  it  is  observed  that  cells 
separated  by  bands  develop  and  a  few  of  these  cells  are  involved  in  plastic  deformation,  but 
many  are  not.  Cell  rotation  is  observed  on  the  meso-level.  They  have  reported  revealing 
work  on  high-nitrogen  steel  which  is  unstable  to  shear  loading  (see  paper  given  as  an 
attachment  to  this  report).  Meso-scale  deformation  along  bands  is  a  precursor  to 
fragmentation.  Bands  are  aligned  with  directions  of  maximum  shear  and  its  conjugate 
direction.  Understanding  meso-level  phenomena  is  important  in  welding  and  in  the  area  of 
wear  phenomena.  A  photograph  suggesting  a  100  A  meso-band  scale  was  shown.  It  was 
indicated  that  meso-scale  sizes  are  related  more  to  part  size  that  to  grain  size.  Panin  has 
edited  a  book  entitled  "Physical  Mesomechanics  of  Heterogeneous  Media  and  Computer- 
Aided  Design  of  Materials"  published  by  Cambridge  Univ.  Press  (ISBN  1  898326  19  3)  that 
describes  these  theories  in  more  detail. 

We  visited  a  laboratory  in  which  samples  could  be  loaded  under  a  microscope 
(TEM  I  believe).  Data  were  shown  for  a  silicon  steel  sample  which  had  been  nitrided  to 
produce  a  25  pm  thick  layer  and  yielded  a  0.5  mm  mesoscale  dimension.  It  was  pointed  out 
that  thicker  layers  yield  a  smaller  meso-scale  dimension  and  that  one  usually  would  want  a 
gradual  change  in  properties  at  a  boundary  between  a  layer  and  a  substrate.  If  moduli  of 
elasticity  are  different  as  they  usually  are  between  a  layer  and  a  substrate,  then  oscillating 
stresses  develop  along  the  boundary  (this  was  called  an  unstable  interface).  This  may 
determine  the  meso-scale  dimension.  We  also  saw  some  data  on  an  alumina-aluminum- 
alumina  sandwich  sample  and  a  copper  sample  implanted  with  Zr  (40  nm  thick  layer). 

Next  we  went  with  Yurii  Sharkeev  to  see  examples  of  commercial  processing  being 
done  in  a  local  enterprise  that  is  involved  with  the  institute.  We  saw  blades  used  to  cut 
synthetic  fibers  that  had  been  nitrided  and  circular  saw  blades  that  had  been  hard-faced 
using  an  arc  discharge  process.  This  visit  was  cut  short  to  keep  on  schedule.  I  believe  the 


8 


processing  had  been  done  at  Republican  Engineering  Center  (an  enterprise)  and  we  visited 
there  on  May  21,  1996  with  Sharkeev,  Dr.  Vladimir  Yanovskii  and  others.  That  evening  we 
first  visited  what  I  believe  was  Sharkeev's  laboratory  (the  Russian  Materials  Science 
Center).  It  included  a  TEM,  a  SIMS  system  and  equipment  for  applying  thin  films  to 
metals  and  ceramics.  The  laboratory  contained  three  implanters,  one  that  operated  on 
gases,  one  for  metals  and  one  that  could  implant  metals  and  gases  together.  The  metal 
implanter  used  a  pulsed  metal  vacuum  arc  and  operated  at  voltages  ranging  to  80  keV  and 
currents  ranging  to  0.5  A.  The  laboratory  has  a  charge  to  investigate  the  structure  of 
materials.  We  again  saw  a  circular  saw  blade  that  had  been  electric-spark  strengthened  (3x 
to  4x  lifetime  increase)  and  knives  for  slitting  and  chopping  that  had  been  treated.  A 
handout  advertising  the  work  is  included  in  the  technical  literature  attachment  to  this 
report.  Across  the  street  we  visited  Republican  Engineering  Center.  They  claimed  the 
capabilities  of  treating  larger  surfaces,  applying  polymer  coatings  and  coatings  for  various 
other  purposes.  They  treat  cutting  tools  and  machine  parts.  It  appeared  that  most  of  the 
work  involves  the  application  of  TiN,  TiC  and  Ti02  coatings  applied  at  temperatures 
ranging  from  —20  to  50  °C. 


Visit  to  the  Nuclear  Physics  Institute  of  Tomsk  Polytechnic  University 

Prof.  Yuri  Usov  met  with  us  and  mentioned  that  it  was  the  100th  anniversary  of  the 
university  and  that  the  institute  was  established  in  1958.  He  pointed  out  that  the  high 
energy  physics  equipment  all  of  which  is  operational  includes: 

Electron  synchrotron 

Various  ion  and  electron  sources  driven  by  pulsed  power  systems 

Thermal  neutron  source  (1014  cm'lsec1)  with  aim3  active  volume 

Cyclotron  now  converted  to  isotope  production  uses 

Nuclear  reactors  (located  a  short  distance  out  of  Tomsk)  -  now  used  mostly 

to  transmute  Si  into  P  impurities  of  electronic  applications 

High  energy  ion  and  electron  accelerators 

The  equipment  is  used  for  student  training  in  addition  to  research.  Now  there  is  a  problem 
of  survival  for  the  lab  which  Usov  does  not  attribute  to  governmental  difficulties  alone.  He 
felt  the  most  difficult  time  is  over.  He  finds  it  more  interesting  to  work  with  industry.  He 
finds  there  is  more  freedom  and  opportunity  to  discuss  problems  openly.  The  institute  did 
employ  1000  scientists  (including  students,  I  believe)  but  now  there  are  only  350. 
Previously  there  were  5000  people  employed  in  total. 

Prof.  Alexander  Ryabchikov  showed  us  his  Raduga  (Russian  for  ‘rainbow’)  systems. 
Most  are  plasma  immersion  type  systems  that  employ  vacuum  arc  metal  ion  sources  but 
some  appeared  to  produce  metal  ion  beams.  Cathodes  are  made  of  conducting  materials 
and  the  first  four  systems  are  similar  but  have  different  cathode  and  trigger  configurations. 
The  cathode(s)  are  arranged  around  the  centerline  and  the  conical  anode  expands  outward 
downstream  of  the  cathode(s)  and  has  its  axis  on  the  centerline.  Rainbow  3  has  four 
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cathodes  and  their  emission  spots  are  controlled  using  triggers  that  are  positioned  between 
them  and  that  discharge  over  the  surfaces  of  insulators  to  the  cathodes.  Rainbow  4  has  two 
cathodes.  These  configurations  enable  multi-element  implantation.  One  can  also  use 
cathodes  made  from  compounds.  Because  these  are  plasma  immersion  systems,  ion 
current  is  not  well  known  but  they  estimate  10%  ion  current,  90%  electron.  At  high  doses, 
surface  sputtering  yields  a  loss  of  efficiency  and  if  sample  is  too  close,  vapor  deposition  can 
cause  coating.  There  is  balance  situation  where  coating  just  balances  sputtering  and  it  was 
suggested  this  is  a  good  place  to  operate.  They  have  looked  an  electron  suppression  grid 
around  a  target  to  prevent  secondary  electron  currents.  Macroparticles  continue  to 
represent  a  problem.  Early  MEVVA  was  called  Bulat.  It  sounded  like  they  need  to 
operate  for  ~  1  min  to  condition  the  cathodes  and  get  to  a  stable  operating  point.  They  do 
not  see  much  different  in  performance  as  voltage  is  changed  over  a  significant  range,  but 
they  generally  run  at  50  kV.  A  106  pulse  lifetime,  which  is  typical,  is  limited  by  coating  of 
the  insulator  surfaces  between  the  cathodes  and  triggers.  Rainbow  5  uses  a  MEVVA 
evaporator  and  can  be  operated  in  steady  state  usually  at  a  3  A  beam  current.  This 
eliminates  trigger  lifetime  problems  but  macroparticle  production  is  still  a  problem.  This 
system  is  very  flexible  and  can  be  operated  in  a  number  of  different  ways  that  give  it 
capability  to  do  processing  ranging  from  atomic  coating  to  beam  implantation.  There  are 
no  grids,  but  a  cross  magnetic  field  is  applied  to  impede  electron  flow  while  allowing  ions 
to  be  accelerated.  Relative  biases  between  target,  chamber  and  MEVVA  source  are  used 
to  accomplish  this.  These  bias  voltages  can  be  pulsed  at  up  to  150  Hz  and  pulse  durations 
can  range  to  400  ms.  This  bias-voltage  pulsing  enables  control  of  relative  vapor  deposition 
and  sputtering  effects  as  well  as  an  IBAD  operating  mode.  One  has  the  additional 
flexibility  of  adding  a  background  gas  flow  into  the  system.  Some  losses  associated  with 
currents  going  to  chamber  surfaces  were  mentioned. 

We  visited  a  cyclotron  purchased  from  St.  Petersburg  in  1972  that  is  now  a 
workhorse  in  the  lab.  It  operates  at  10  to  30  MeV  and  20  microamps  and  is  used  to 
accelerate  alpha  particles,  hydrogen  and  helium  3.  Elastic  recoil  work  is  done  using  it. 
The  location  of  a  nuclear  membrane  used  in  some  of  the  work  was  pointed  out. 

We  saw  a  synchrotron  made  in  the  lab  in  1965  to  accelerate  electrons.  It  is  a 
1.3  GeV  machine  that  holds  1012  electrons  and  is  fed  by  a  70  A,  10  keV  microtron  (?) 
injector.  Concern  was  expressed  about  energy  usage  by  the  machine. 

A  membrane  treating  unit  that  produces  beams  of  Ar  or  N  ions  was  shown  to  us.  It 
is  used  to  produce  microchannels  in  polymers.  Near  it  was  a  neutron  treatment  facility 
used  to  bombard  cancerous  tumors  in  medical  patients  with  5  to  6  MeV  neutrons.  It  used  a 
Be  source  that  was  coupled  in  with  the  cyclotron.  It  this  same  area  was  a  20  stage,  1.5  MeV 
Marx  generator  made  in  1972.  It  is  used  with  a  ring  electron  gun  for  microwave 
generation.  This^  system  stores  30  kJ  and  they  are  working  to  concentrate  the  power  and 
achieve  TW.cm  power  densities.  There  is  also  another  Marx  generator  system  rates  at 
500  kJ  that  is  used  to  study  plasma  switches.  Finally,  in  this  part  of  the  lab  we  saw  a  Van  de 
Graaff  generator  system  used  to  generate  high  energy  particles  for  surface  analysis. 
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Additional  information  on  ion  beam  capabilities  offered  by  the  institute  are  given  in  the 
attached  sheet  pertaining  to  the  "Charged  Particles  Analytical  Lab." 

Dr.  Gennady  Remnev  next  took  the  group  to  several  "enterprise"  facilities  where 
commercial  processing  is  being  done.  Temp  1  is  a  pulsed,  high-current  system  that  is 
powered  by  an  oil-filled  Marx  generator.  Each  discharge  is  effected  using  two  voltage 
pulses  with  different  characteristics;  the  first  yields  an  "explosive"  plasma  and  the  second 
accelerates  the  ions  from  it.  The  source  consisted  of  a  perforated  metallic  plate  separated 
and  isolated  from  a  second  graphite  electrode.  They  were  contoured  on  their  mating 
surfaces  so  the  ions  would  be  focused  properly  on  the  target  surface.  Operating  conditions 
were  300  kV,  50  to  200  A.cm'_,  50  ns  pulse  duration  and  repetition  rate  of  1  to  0.25  Hz. 
The  Linetron  Company  is  doing  processing  of  cutting  tools  for  railway  wheels.  The 
processing  involves  rapid  melt-heating  and  quenching  and  it  yields  a  smaller  grain  size  on 
the  surface  of  the  tools  which,  in  turn,  yields  ~3x  increase  in  lifetime.  The  fixturing  we  saw 
was  loaded  with  36  cutting  tools  being  processed,  but  as  I  recall,  the  unit  could  hold  96 
tools  and  they  claimed  100,000  tools  could  be  processed  each  year  with  3  hr  work  days. 
Other  work  includes  other  tools  and  dies,  with  WC  and  ceramic  cutting  tools  being 
mentioned  specifically.  Similar  processing  was  suggested  to  improve  bonding  of  diamond 
to  copper  in  wheels  used  for  the  cutting  of  glass. 

Another  enterprise  facility  involved  a  system  similar  to  the  one  in  the  above 
paragraph  in  which  metal  ions  were  implanted  into  semiconductors.  The  source  was  made 
up  of  an  inner  cylindrical  metal  cathode  with  holes  in  it  and  a  concentric  anode  of  greater 
radius.  I  believe  the  unit  was  operated  with  the  same  dual-pulse  concept  in  which  metal 
vaporized  from  the  first  pulse  was  ionized  and  then  accelerated  through  the  holes  in  the 
cathode  to  a  target  surface  within  the  cathode  during  the  second  pulse.  The  objective  was 
to  anneal  and  implant  the  target  surface  simultaneously. 

The  Temp  2  enterprise  facility  was  used  to  apply  thin  films  to  surfaces  as  large  as 
10  cm  x  20  cm.  The  films  were  generated  by  sputtering  a  target  surface  (~4  cm  x  0.5  cm) 
using  a  high  intensity  pulsed  ion  beam.  The  system  was  set  up  so  the  source  could  be 
rotated  to  achieve  complete  coverage. 

The  last  facility  was  one  that  was  used  for  research  but  appeared  to  be  planned  for 
eventual  commercialization.  An  ion  beam  extracted  through  an  annular  passage  was  the 
end  result.  It  involved  injection  of  a  gas  pulse  into  the  region  upstream  of  the  passage.  A 
high  voltage  pulse  was  then  applied  across  an  antenna  in  this  region  and  this  induced 
breakdown  of  the  gas  and  plasma  generation.  A  high  axial  electric  field  and  a  radial 
magnetic  field  of  the  proper  magnitude  were  applied  in  the  annular  passage  so  an  ion  beam 
that  was  annular  in  cross  section  would  be  extracted  but  axial  electron  motion  in  the 
annulus  would  be  constrained. 
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SUMMARY  OF  SESSION:  CATHODIC  ARC  TECHNOLOGY 


Dr.  Jesse  Matossian 

In  this  session,  a  total  of  eight  papers  were  presented.  Following  the  presentation  of  the 
papers,  a  round  table  discussion  was  held  to  identify  key  points  raised  during  the  paper- 
presentation  session. 

Three  different  topics  were  covered  in  the  presentation  section: 

cathodic  arc  technology  for  ion  implantation  and  deposition  of  coatings 
plasma-source  ion  implantation  for  novel  nitriding  of  materials 
high-power  pulsed  ion  beams  for  surface  modification  of  materials. 

In  this  section,  we  summarize  the  salient  issues  presented  for  each  of  these  topics. 

Cathodic-Arc  Technology 

Dr.  Perry  presented  the  first  paper  on  the  use  of  cathodic  arc  technology  with  major 
emphasis  on  cost,  reliability,  maintenance,  and  system  efficiency.  Conventional  MEVVA 
technology  was  addressed  followed  by  a  new  system,  referred  to  as  AVIS  (Advanced 
Vacuum-Arc  Ion  Source)  which  was  designed  for  large-scale,  high-throughput  industrial 
applications.  The  AVIS  system  allows  for  the  use  of  four  distinct  ion  sources  with  versatile 
control,  long  operation  without  significant  maintenance,  a  larger  treatment  area  than  with 
conventional  MEVVA  technology. 

Dr.  Rvabchikov  presented  a  description  of  the  RADUGA  system.  In  this  system,  the 
plasma  production  and  ion  extraction  processes  are  independently  controlled  to  allow  for 
novel  surface  treatment  capability.  The  technique  allows  for  reducing  self-sputtering  of  the 
implanted/deposited  ions  and  improves  the  retained  dose  achieved. 

Dr.  Karpov  presented  a  detailed  review  of  25  years  of  the  development  history  of  cathodic 
arc  sources.  The  review  included  techniques  for  filtering  of  macroparticles  using  plasma 
optical  techniques,  as  well  as  magnetic  filtering  approaches. 

No  paper  was  presented  by  Dr.  Sirmnov. 

Dr.  Guoqing  presented  a  paper  describing  a  an  new  process  called  MIBED  (metal  ion 
beam  enhanced  Deposition)  which  combines  the  use  of  a  metal  ion  source  and  a  low- 
energy  ion  beam-sputter  source  to  deposit  hard  coatings  on  materials.  The  MIBED 
process  has  been  used  to  deposit  MoS2  coatings.  A  particular  strength  is  that  it  allows  for 
enhanced  adhesion  of  coatings  via  interfacial  mixing  using;  Corrosion  resistant  films  of 
(Ti,Mo)N  were  prepared  using  a  N-Mo  ion  beam  process. 

Dr.  Sergeyev  presented  results  on  the  use  of  the  Diana  pulsed  ion  source  for  implantation 
of  metallic  as  well  as  non-metallic  ions  for  improving  the  wear  resistance  of  cutting  tools. 
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Plasma-Source  Ion  Implantation 

Dr.  Reinhard  Giinzel  presented  a  paper  on  the  use  of  plasma-source  ion  implantation 
(PSII)  for  novel  nitriding  of  various  steel  materials.  The  sheath  dynamics  in  the  PSII 
process  were  modeled  and  used  to  provide  understanding  of  the  PSII  process  during 
treatment  of  materials.  A  study  was  conducted  of  various  types  of  plasma  sources  (ECR. 
RF,  DC,  etc.)  to  motivate  the  choice  of  ECR  sources  in  PSII  as  providing  the  best 
compromise  of  high  plasma  density  and  low  gas  pressure. 

High  Power  Pulsed  Ion  Beams 

Dr.  Shulov  presented  the  use  of  high-power  pulsed  ion  beams  (HPPIB)  for  improving  the 
surface  wear  properties  of  compressor  blades.  Very  deep  treated  layer  depths  (200  micron 
or  more)  can  be  achieved  using  the  technology.  HPPIB  as  a  treatment  technology- 
produces  the  best  combination  of  improved  fatigue  life,  corrosion  resistance,  and  sand 
abrasion  resistance  compared  to  hard  coatings. 

Dr.  Lopatin  presented  the  use  of  pulsed  ion  beams  for  modifying  the  properties  of 
dielectric  materials.  The  use  of  light  and  heavy  ions  was  demonstrated  to  achieve  changes 
in  the  conductivity  of  materials  used  in  resistors  and  electric  heaters. 

Round  Table  Discussion 

Several  topics  were  covered  in  the  discussion  session  following  the  presentation  of  papers. 
A  major  concern  that  was  addressed  involved  a  request  for  more  careful  documentation  of 
the  treatment  parameters  used  by  researchers  during  a  treatment  of  a  materiel;  the 
implantation  voltage,  current  density,  pulse  duration,  and  treatment  temperatures  are 
critical  parameters  that  affect  the  success  of  the  desired  surface  treatment. 

A  critical  issue  discussed  in  this  regard  is  what  is  the  dependence  of  ion  energy  and  current 
density  on  the  properties  of  the  treated  layer  for  cathodic  arc  work.  One  hand,  it  was 
regarded  that  high  energy  and  low  energy  ion  implantation  studied  should  be  conducted  to 
identify  the  advantages  and  disadvantages.  On  the  other  hand,  it  was  also  indicated  that 
for  industrial  applications  and  simplicity  of  hardware  as  well  as  for  safety,  implantation  at 
voltage  levels  of  100  kV  are  not  needed  for  achieving  tribological  improvements  of 
materials.  Industrial  use  of  ion  implantation  typically  dictates  the  use  of  the  simplest  and 
most  reliable  equipment  which  every  researcher  should  strive  to  adhere  to.  A  voltage 
range  of  40-70  kV  is  sufficient  for  most  applications  identified  using  cathodic-arc 
implantation  technology. 
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SUMMARY  OF  SESSION:  ION  IMPLANTATION  TECHNOLOGY 


Dr.  Donald  J.  Rej 

The  second  day  session  of  the  Workshop  consisted  of  eleven  talks  (7  by  Russians.  4  by 
Americans),  and  it  was  chaired  by  Nikolai  V.  Pleshivtsev  of  the  Kurchatov  Institute  Troitsk 
Laboratory,  and  Donald  J.  Rej  of  Los  Alamos  National  Laboratory.  The  presentations 
could  be  divided  into  the  following  five  topical  areas: 


Beamline  Implantation  and  IBAD  Expts  3  papers 

Plasma  Immersion  Ion  Implantation  3  papers 

Low  Voltage,  High  j,  Elevated  T  Implants  2  papers 

Ion  Sources  2  papers 

Neutron  Capture  Induced  Implantation  1  paper 


The  most  comprehensive  set  of  results  were  given  by  Dr.  V.  V.  Brukhov  from  the  Tomsk 
Polytechnic  University.  For  more  than  20  years,  his  group  performed  ion  implantation  of 
coupons  and  manufacturing  components.  Hardening  of  cutting  tools  has  been  a  primary 
focus.  A  beamline  implanter  with  Penning  ion  source  was  used.  Improvements  in  wear  and 
corrosion  lifetimes  were  observed  for  an  extensive  variety  of  materials  and  applications. 
The  plasma  immersion  groups  at  LANL  and  Hughes  showed  similar  improvements  in 
materials  ranging  from  tungsten-carbide,  high-speed  steels,  to  hard  chromium  coatings 
and  polymers. 

Dr.  A.  Korotaev  and  Dr.  P.  Shanin  of  the  Siberian  Physical  and  Technical  Institute  in 
Tomsk  gave  an  extended  talk  on  ion  implantation  and  ion  beam  assisted  deposition 
research.  Both  gas  and  metal  (arc)  sources  were  used  and  a  0.3  -  0.5  A  beam  was  extracted 
at  80  keV.  Deposition  was  achieved  with  a  10-100  A,  20-40  V  arc  source.  TiN  was 
deposited  onto  metallic  substrates  such  as  stainless  steel.  When  combined  with  ion 
implantation,  substantial  mixing  into  the  substrate  is  observed,  leading  to  a  functionally 
graded  interface  with  reduced  internal  stresses.  TiN  deposition  along  with  sub-eV  ion 
bombardment  also  led  to  reduced  imperfections  and  internal  stress. 

Dr.  Yuri  Sharkeev  of  the  Institute  of  Strength  Physics  and  Materials  Science,  Tomsk, 
reported  on  his  understanding  of  the  effect  of  ion  implantation  in  metals.  In  particular  he 
systematically  examined  the  defect  structures  formed  in  the  near  surface  of  several  metals 
(including  Fe,  Cu,  Ni)  after  ion  implantation,  microwaves,  and  plasma  bombardment.  The 
defect  structure  and  thickness  of  the  modified  layer  depend  on  the  treatment  process.  With 
ion  implantation,  the  defect  structure  is  observed  to  be  deeper  than  10  pm,  lOOx  beyond 
the  range  of  the  implanted  ions.  With  intense  ion  beams,  it  extended  up  to  150  pm. 

Results  from,  to  our  knowledge,  the  first  immersion  ion  implantation  program  in  Russia 
were  presented  by  Piotr  Tsygankov  from  the  Bauman  State  University  in  Moscow.  The 
work  represents  Tsygankov's  Doctor  of  Science  Thesis  research  which  was  performed 
under  the  supervision  of  Professor  Vladimir  Khvesyuk.  They  call  their  process  3D  Ion 
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Implantation  or  (3DII)  and  claim  the  following  distinctions  from  conventional  plasma 
immersion  (or  plasma  source)  ion  implantation: 

Stationary  sheaths  (primarily  because  of  relatively  long  pulses  of  300  ps) 

Small  sheaths  (1  cm  or  less)  with  high  ion  current  density 
High  efficiency  (up  to  ion/total  current  ratios  of  up  to  70%) 

No  need  for  magnets  or  external  plasma  ion  sources 

All  of  these  claims  can  be  challenged.  In  particular,  stationary  sheaths  are  often  observed 
(e.g.,  reported  by  the  ANSTO  Group  in  Australia)  for  non-supersonic  sheaths  when  the 
Bohm  condition  can  satisfy  ion  current  continuity.  The  reported  sheath  dimension  and  ion 
current  densities  were  inconsistent  with  the  Child-Langmuir  space-charge  limited  flow 
which  would  predict  ion  current  densities  of  more  than  an  order  of  magnitude  greater 
than  that  reported.  The  high  efficiency  seems  to  imply  exceeding  low  secondary  electron 
emission  coefficients.  Details  of  the  work  by  Tsygankov  have  been  relayed  to  Dr.  M. 
Shamim  who  works  in  Professor  John  Conrad's  Group  at  the  U.  Wisconsin.  Shamim  has 
made  comprehensive  measurements  of  secondary  emission  and  should  compare  results 
with  Tsygankov.  The  fourth  claim  is  just  wrong. 

In  the  second  immersion  talk,  Dr.  Jesse  Matossian  (Hughes)  presented  some  interesting 
work  on  positive  polarity  immersion  processing  where  intense  electron  bombardment  from 
the  plasma  heat  treats  the  workpiece  surface.  In  the  third  talk,  Dr.  Don  Rej  of  Los  Alamos 
discussed  three  important  issues  that  should  be  addressed  before  wide-scale 
commercialization  of  PSII:  (1)  implant  conformality;  (2)  ion  sources;  and  (3)  secondary 
electron  emission. 

High  current  density  ion  implantation  of  B  into  Fe  was  reported  by  Dr.  Paul  Wilbur 
(Colorado  State).  The  ion  current  density  and  workpiece  temperature  appear  to  be  a  more 
important  processing  parameter  than  the  ion  energy,  which  can  be  as  low  5  keV.  The  work 
at  first  appears  as  an  extension  of  thermochemical  treatments  such  as  plasma  boriding, 
though  substantially  different  microstructure  (e.g.,  amorphization)  may  be  obtained.  Low 
Energy  implantation  was  also  reported  by  Dr.  Igor  Churkin  from  the  Nuclear  Physics 
(Budker)  Inst.,  Novosibirsk.  At  these  energies,  charge  exchange  in  the  ion  source  and 
extractor  can  be  high.  Consequently,  a  large  fraction  of  the  beam  is  in  the  form  of  energetic 
neutral  atoms  which  increases  flux,  efficiency,  thereby  reducing  process  time.  Carbon  was 
implanted  into  niobium  and  titanium  at  ion  current  densities  of  20  mA.cm'2. 

Dr.  Nikolai  Gavrilov  from  the  Inst,  of  Electrophysics,  Ekaterinburg  reported  on  a  simple, 
robust,  high-density  plasma  source  based  on  the  hollow  cathode  discharge,  coupled  with  a 
weak  magnetic  field  to  enhance  confinement  of  electrons  and  maximize  the  number  of 
ionizing  collisions.  The  source  has  been  given  the  name  "reverse  magnetron."  It  consists  of 
a  coaxial  anode  cantilevered  from  one  end  and  an  axial  magnetic  field.  Ions  are  accelerated 
by  grids  and  extracted  from  the  ion  source.  To  date,  sources  of  up  to  100  cm2  area  have 
been  deployed  with  pulsed  current  densities  up  to  30  mA.cm'2  extracted  over  1  ms  wide 
pulse  lengths  and  at  repetition  rates  of  3  to  50  Hz.  Future  work  is  to  include  the 
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development  of  1000  cm2  source.  Past  ion  implantation  R&D  work  focused  on  C.  N.  and  O 
implantation  into  stainless  steel,  carbon  fiber,  tungsten  carbide,  and  polymers. 

Dr.  Nikolai  Pleshivtsev  of  the  Kurchatov  Institute  Troitsk  Laboratory  reported  on  another 
type  of  broad  beam  gas  ion  source  developed  for  neutral  beam  injection  in  Tokamak  fusion 
plasmas.  The  source  is  capable  of  supplying  60  A  (optimum  ion  current  density  of  600 
mA.cmr  for  H)  of  H,  He,  N,  Ar  or  other  gases  or  mixtures  at  10-60  keV  over  pulse  widths 
between  1  ps  and  1  sec.  The  beam  cross  section  varies  from  105  cm2  to  420  cm2  with  a 
uniformity  to  within  5%  at  a  distance  1  m  from  the  source.  Applications  explored  to  date 
including  hardening  and  lifetime  increases  of  cutting  plates,  rolls,  woodworking  knives,  and 
plow  blades. 

Finally,  Dr.  D.  Rej  of  Los  Alamos  gave  a  second  talk  proposing  a  method  for  the  bulk 
treatment  of  polymeric  materials.  Energetic  ions  created  after  capture  of  a  neutron  beam 
by  constituent  atoms  located  within  the  polymer  can  be  used  to  cause  radiation-induced 
modifications  such  as  cross-linking  in  the  polymer.  In  contrast  to  traditional  ion 
implantation,  the  proposed  method  enables  bulk  treatment  because  of  the  relatively  deep 
penetration  of  neutrons.  Analytical  were  given  for  the  10B(n,a)7Li  reaction  for  the  cross- 
linking  and  hydrogen  depletion  of  boron-doped  polystyrene.  Requirements  for  the  polymer 
composition  and  microstructure,  as  well  as  potential  synthesis  methods  were  also  discussed. 
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SUMMARY  OF  SESSION:  INTENSE  BEAM  TECHNOLOGY 


Dr.  Michael  O.  Thompson 

The  third  session  of  the  Ion  Beam  Surface  Technology  Workshop  focused  on  the 
application  and  generation  of  intense  beams  with  sufficient  energy  densities  to  modify 
surface  properties  by  the  thermal  process  itself,  independent  of  the  actual  beam  used.  The 
fundamental  interactions  include  rapid  melt  and  solidification,  leading  to  metastable 
phases  and  grain  structure  modification,  and  shock  hardening,  which  can  produce  effects 
well  beyond  the  direct  modified  range. 

The  session  was  opened  by  Dr.  M.  Thompson  discussing  work  done  in  collaboration  with 
the  Sandia  National  Labs  group  on  intense  ion  beam  modification  of  surface,  with  a 
particularly  emphasis  on  enhancing  the  corrosion  resistance  of  A1  and  Ti  alloys.  Using  an 
intense  beam  of  mixed  protons  and  carbon  from  a  flashover  diode  source,  various  alloy 
surfaces  showed  hardening  (slip  bands  introduced  by  shock  hardening  in  304  stainless 
steel),  polishing  (by  liquid  phase  transport  on  Al),  enhanced  wear  resistance  (440  stainless 
steel),  and  enhanced  corrosion  resistance  (Ti  by  grain  refinement). 

The  majority  of  the  work  involved  treatment  of  thin  surface  coatings  using  the  ion  beam  to 
melt,  mix  by  liquid  phase  and  convection,  and  solidify  into  both  metastable  alloys  and 
complex  microstructures.  A  wide  range  of  transition  metal  coatings  on  Al  were  studied. 
Mixing  was  observed  in  most  systems  to  depths  of  approximately  5  pm  before  surface 
damage  became  dominant.  Si  coatings  on  Al  enhanced  surface  hardness  by  a  factor  of  2 
with  Cr  layers  similarly  enhancing  the  corrosion  resistance.  For  aluminum  alloys,  the 
dominant  problems  were  microcraters  left  after  processing  (corrosion  sites)  and  the 
excessive  overheating  of  Al  liquid  required  prior  to  melt  of  the  high  temperature  surface 
coatings.  On  Fe  substrates,  Cr  was  much  more  effective  and  could  be  mixed  to  produce 
surfaces  with  a  corrosion  resistance  equivalent  to  stainless  steels.  In  the  Ti  system,  Pt 
layers  were  mixed  to  produce  solid  solutions  of  Ti:Pt  to  concentrations  of  8  at.%.  The  best 
corrosion  resistances  were  obtained  at  intermediate  Pt  thickness  where  precipitation  of 
second  phase  intermetallics  did  not  occur. 

The  second  talk,  by  Dr.  G.  Remnev,  addressed  a  specific  ion  treatment  system  being 
presently  used  to  routinely  treat  industrial  tools  for  wear  reduction.  The  accelerators, 
MAC  and  TEMP,  use  a  double  pulse  operation  with  an  initial  voltage  applied  to  create  a 
plasma  followed  by  the  main  extraction  pulse  to  create  the  energetic  ion  beam.  The  MAC 
accelerator  with  an  Al  anode  produced  a  mixed  beam  with  various  Al  charge  states  and 
substantial  Cu,  C  and  H  components.  The  TEMP  accelerator,  using  a  graphite  anode, 
generated  primarily  a  C  and  H  beam. 

Unlike  the  research  beams  discussed  otherwise,  the  TEMP  accelerator  has  a  considerable 
history  of  usage  in  industrial  surface  treatment  with  statistics  of  benefits.  Wear 
improvements  of  2-3  times  are  observed  for  various  tools  such  as  swirls  or  fine  drills.  The 
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treatment  chamber  currently  hold  96  tools  with  a  total  treatment  time  of  approximately  1 
hour.  Operating  lifetime  of  the  accelerator  has  been  106  pulses  with  weak-link  components 
being  the  connectors,  Marx  generator,  and  the  pulse  capacitors  (through  water/oil 
contamination).  The  vacuum  insulators  and  the  double  pulse-forming  line,  initially 
expected  to  be  problematic,  proved  to  be  reliable.  In  4  years  of  operation,  no  major 
repairs  except  for  replacement  of  the  items  noted  above.  On  a  commercial  scale,  these 
results  suggest  that  the  technology  is  sufficiently  well  developed  to  be  viable. 

Currently,  Dr.  Remnev  is  designing  a  larger  accelerator,  TEMP-4,  to  increase  the 
throughput  of  the  system.  Like  TEMP-1,  it  will  be  a  300  keV  at  50-200  A.cm'2  system. 
Major  changes  will  be  an  increase  in  the  rep-rate  to  1  Hz  (from  0.25  Hz)  and  nearly  an 
order  of  magnitude  increase  in  the  tool  holding  capacity  (to  800  tools).  His  predictions  are 
that  this  will  reduce  the  cost  of  treatment  to  the  $2  per  square  meter. 

Prof.  B.A.  Kalin,  from  Moscow  State  Engineering  Physics  Institute,  in  the  third  talk 
discussed  some  of  the  microstructural  origins  of  the  observed  material  modifications.  The 
incident  energy  source  for  his  work  was  the  HTTPF  accelerator  which  provided  beams  of 
H,  D,  He,  N  or  Ar  at  energies  of  10-25  keV  with  fluences  of  10-100  J.cm'2  in  relatively  long 
pulses  of  10-50  ps.  Up  to  100  pulses  were  used  to  treat  materials.  At  fluences  below  106 
W.cm 2,  only  surface  heating  occurs;  from  106  to  5  x  106,  surface  melting  occurs  without 
damage  while  above  5  x  106  W.cm  ",  melt  and  subsequent  boiling  of  the  surface  occurs. 

Treatment  of  Ni/Cr  alloys  yielded  cellular  microstructures  with  carbides  and  nitrides  at 
grain  boundaries,  and  possibly  He  bubbles,  at  low  energy  densities  corresponding  to 
recyrstallization.  At  higher  energy  densities,  dislocations  were  observed  to  depths  of  50- 
100  urn.  at  least  an  order  of  magnitude  beyond  the  primary  melt  zone,  forming  from  either 
thermal  stresses  or  shock  waves  following  treatment.  An  interesting  experiment  with  one 
edge  of  the  sample  held  pinned  during  treatment  suggests  that  thermal  stresses  may  be 
responsible  for  a  substantial  part  of  the  hardness  improvements.  Treatment  at  higher 
energy  densities  in  the  melt  regime  also  exhibited  reduced  grain  sizes  with  increasing 
power  density;  this  is  surprising  since  increased  melt  dwells  should  slow  solidification  and 
enhance  grain  growth.  However,  the  longer  melt  dwells  also  improve  homogeneity  leading 
to  kinetically  suppressed  solidification  from  dissolved  impurities. 

Hardness  improvements  were  observed  across  all  steel  materials  with  enhancements  of  40- 
200%.  In  the  thermal  only  treatment,  the  maximum  hardness  improvements  were 
observed  below  the  surface.  In  the  melt  regime,  the  maximum  occurred  at  the  surface, 
though  a  subsidiary  maximum  was  also  observed  buried  substantially  in  depth  (50-100  pm). 
The  smallest  hardness  improvements  were  observed  at  the  highest  energy  densities  in  the 
boiling  regime.  Commensurate  with  the  hardness  improvements  was  also  an  increase  in 
the  ultimate  tensile  strength  without  an  increase  in  the  Young's  modulus  (plasticity).  This 
is  potentially  very  useful  for  engineering  applications. 
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In  addition  to  increasing  hardness,  Dr.  Kalin's  results  also  showed  reduced  coefficients  of 
friction  to  depths  well  beyond  the  primary  treatment  depth.  Structural  modifications 
resulting  from  the  thermal  shock  wave,  or  thermal  expansion  mismatch,  are  likely 
responsible  for  these  changes  as  well. 

Besides  pulsed  ion  beams,  it  is  possible  to  effect  similar  microstructural  and  materials 
changes  using  relatively  low  energy  electron  beams.  In  the  fourth  talk  by  Prof.  D. 
Proskurovsky  of  Tomsk,  the  development  and  behavior  an  intense  electron  beam  was 
discussed.  To  limit  the  energy  deposition  to  the  near  surface,  electron  beams  must  be  in 
the  10-40  keV  range,  pulse  widths  between  10' 7  and  10'6  seconds  to  avoid  substrate  heating, 
and  total  fluences  in  the  10-40  J. cm  "  range.  One  major  advantages  of  an  electron  source  is 
that  is  radiation  safe  if  the  energy  is  kept  this  low. 

The  first  part  of  his  talk  discussed  the  development  of  the  electron  diode.  A  positive  pre¬ 
pulse  is  used  to  pull  electrons  from  an  external  plasma  into  the  acceleration  chamber  and 
bombard  the  cathode.  Explosive  electron  emission  from  the  cathode  (and/or  prepulse) 
provides  the  IQ14  -  1015  cm'-1  plasma  density  required  for  the  primary  beam.  The  pre-pulse 
was  found  necessary  only  below  25  keV  while  at  higher  voltages  explosive  electron 
emission  was  sufficient  itself.  Once  the  high  density  plasma  was  generated,  the  double 
layer  propagated  at  2  cm.ps1  until  shorting  out  the  anode/cathode  gap  in  about  3  ps.  The 
beam  fluence  as  a  function  of  the  sample  position  downstream  initially  increased  (too  close 
and  the  sample  influenced  the  beam  dynamics)  before  decreasing  from  beam  divergence. 
At  low  fluences,  it  was  possible  to  get  excellent  uniformity  from  the  beam  over  distances  of 
6  cm  -  although  at  higher  powers  the  fluence  on  axis  was  substantially  higher  than  outer 
radii.  The  design  of  the  anode  and  gap  appear  to  make  this  system  very  competitive  with 
ion  beam  systems  for  scale  up  to  manufacturing  levels. 

Treatment  of  Fe  with  the  electron  beam  exhibited  similar  characteristics  to  ion  beam 
irradiated  Fe.  Microstructures  were  modified  both  over  a  15  micron  primary  heat  affected 
zone,  and  over  a  300  pm  stress  wave  zone.  In  contrast  to  Dr.  Kalin  minor  secondary  peak 
in  hardness,  Dr.  Proskurovsky  observed  extremely  large  secondary  hardness  peaks  in  depth, 
nearly  as  large  as  observed  in  the  primary  heated  zone.  Total  hardened  layers  in  some 
cases  exceeded  300  pm,  with  2-3  times  improvements  in  lifetime.  Dr.  Proskurovsky 
supports  the  model  that  hardening  occurs  by  a  stress  wave  which  is  amplified  as  a  standing 
wave  upon  reflection  from  the  front  and  back  surfaces.  Modeling  of  the  heat  transport  and 
shock  wave  generation  appear  to  support,  at  least  qualitatively,  this  model.  (Note:  The 
origin  of  this  deep  hardening  is  one  of  the  major  outstanding  problems  that  need  to  be 
resolved.) 

Other  treatments  undertaken  with  this  pulsed  electron  beam  include  surface  cleaning  and 
smoothing  of  Ti  surface  layers,  increased  vacuum  breakdown  potential  on  surface 
(resulting  from  such  smoothing),  reduction  of  polymer  wear  on  Ti  (again  likely  resulting 
from  smoothing),  surface  alloying  of  elements  in  Fe  and  Ti,  and  treatment  of  turbine 
blades  (both  polishing  and  removal  of  old  coatings). 


19 


In  the  afternoon,  Dr.  Sinebrykhov  discussed  another  application  of  intense  ion  beams  in 
the  deposition  of  materia]  by  pulsed  ablation,  similar  to  pulsed  laser  ablation  but  at 
significantly  higher  deposition  rates.  A  focused  ion  beam  (cylindrical  focusing  to  focal 
plane)  irradiated  a  5  cm  radius  graphite  or  tungsten(?)  target  set  at  the  focal  plane.  The 
ablation  plume  then  deposited  material  onto  a  Si  substrate  at  a  rate  of  approximately  0.2 
pm  per  pulse.  Although  the  coatings  were  relatively  pure  graphite,  adhesion  was  poor  and 
no  mechanical  properties  were  measured.  The  authors  indicated  that  diffraction 
measurements  showed  two  cubic  phases  of  graphite  with  lattice  constants  of  0.428  and 
0.369  nm,  but  this  is  extremely  unlikely  since  there  are  no  cubic  graphite. 

The  second  afternoon  talk  by  Dr.  S.P.  Bugaev  also  addressed  a  novel  deposition  technique 
utilizing  plasmas,  though  not  pulsed  energetic  beams  as  the  previous  speakers.  The  basic 
idea  of  their  system  was  to  use  a  pulsed  high  voltage  plasma  discharge  to  deposit  diamond¬ 
like  coatings  (DLC)  from  organic  precursors  in  a  confined  geometry.  The  plasma 
characteristics  were  15-17  kV  source  with  a  100-200  usee  duration  repetitively  pulsed  at 
about  1  kHz.  The  estimated  energy  density  during  the  plasma  was  0.01  J.cm'3.  Various 
gases  were  used  including  methane,  ethane  and  acetylene,  all  in  an  hydrogen  excess  (95%) 
at  flow  rates  of  3-4  l.hr'1. 

The  growth  rate  from  this  pulsed  plasma  was  low  for  methane  (1-2  qm.hr  x),  increasing 
substantially  for  ethane  to  60-100  qm.hr1,  but  dropping  again  for  acetylene.  Deposited 
films  were  nominally  amorphous  by  TEM  and  FTIR  was  used  to  characterize  the  sp- versus 
sp  bonding  fractions.  In  even  the  best  cases,  the  sp3 :  sp2  ratio  was  only  68  :  32  indicating 
some  diamond  like  bonding  but  a  substantial  remnant  graphitic  bonding.  Mechanical 
properties  likewise  showed  enhancements,  but  not  at  the  level  of  DLC  deposited  by  other 
techniques.  Further  work  is  needed  before  the  potential  of  this  deposition  technique  can 
be  evaluated. 

Prof.  Langner  then  presented  a  paper  on  a  very  different  technology  for  creating  pulsed  ion 
beams,  coupled  with  a  new  simultaneous  material  deposition  and  annealing  technology.  In 
the  Ionotron ,  ions  are  produced  by  a  low  pressure,  high  current  electric  discharge  followed 
by  a  delayed  high  voltage  pulse.  This  unit  has  two  modes  of  operation:  the  first,  pulse 
implantation  deposition  (PID),  creates  a  1  microsecond  pulse  of  the  working  gas.  The 
second,  DPE,  occurs  for  short  delays  of  the  HV  and  leads  to  arc  erosion  of  the  cylinder 
giving  metal  ions.  Both  modes  can  be  used  for  surface  melting  and  mixing. 

In  the  current  configuration,  Prof.  Langner  added  a  pulsed  metal  source  coupled  with  the 
Ionotron  operating  in  PID  mode  with  nitrogen  gas.  A  pulsed  Ti  source  deposits  a  thin 
metal  layer  on  the  target  while  the  nitrogen  from  the  pulsed  ion  beam  can  be  set  to  arrive 
either  before,  during,  or  after  the  Ti  atoms.  If  the  Ti  arrives  before  the  nitrogen,  no 
surface  melt  occurs  since  the  surface  is  shielded  by  the  Ti  plasma.  However,  with  proper 
delay,  the  Ti  can  be  designed  to  reach  a  target  shortly  after  the  nitrogen  pulse  allowing  the 
Ti  to  react  with  a  molten  surface. 


Results  were  presented  for  a  nitrogen  beam  at  3.5  -  5  J.cm 2  with  a  100  ps  pulse  of  Ti,  Co  or 
W  beam  at  120  kA  arc  current;  for  mixing,  the  delay  between  beams  was  75  ps.  Films  were 
deposited  on  321  stainless  steel  in  either  direct  mixing  mode  (5  simultaneous  pulses)  or 
deposition  mode  (5  deposition  pulses,  10  separate  mixing  pulses).  Following  treatment, 
surface  exhibited  5-10  pm  granular  morphology  with  roughness  remaining  roughly  constant 
at  0.2  pm  Ra  but  increasing  with  increasing  energy  density.  Although  hard  to  explain,  the 
Ti  appeared  to  penetrate  6  pm  while  Cr  and  W  reacted  to  depths  of  0.6  and  0.35  pm 
respectively.  In  the  deposition  only  mode,  it  appeared  nitrogen  was  extracted  from  the 
bulk  into  the  surface  layers. 

Finally,  the  last  paper  by  Dr.  Y.D.  Korolev  discussed  theoretical  issues  involving  the 
extraction  of  beams  from  liquid  metal  sources.  Unfortunately,  the  present  reviewer  was 
unable  to  understand  the  subtleties  of  the  mathematical  models  and  cannot  comment 
further. 

Over  the  course  of  the  day,  several  issues  recurred  in  the  treatment  of  materials.  One  was 
the  problem  of  microcratering  which  appears  in  both  ion  and  electron  beam  treatments  of 
metal  surfaces.  Although  there  was  considerable  discussion  about  this  problem,  it  is  clear 
there  is  no  real  understanding  of  the  origin.  Multiple  pulse  irradiation,  a  general  direction 
of  all  the  treatments,  appears  to  reduce  this  problem  but  not  eliminate  it.  The  relative 
importance  various  with  substrates  being  most  problematic  with  low  melting  alloys  like 
aluminum. 

A  second  issue  that  arose  several  times  was  the  specific  mechanism  responsible  for  the 
hardening  in  depth  in  beam-treated  materials.  Both  the  shock  wave  proposed  by 
Proskurovsky  and  the  simple  thermal  stress  from  expansion  mismatch  suggested  by  Dr. 
Kalin  have  support  in  the  data. 

Throughout  the  talks  there  were  also  some  common  successes.  Beam  induced  mixing  of 
surface  deposited  layers  is  successful  on  Fe  and  Ti  substrates  though  more  difficult  on  A1 
substrates.  Corrosion  is  limited  by  the  microcratering  problem,  but  general  mechanical 
properties  such  as  hardness,  wear  resistance,  and  friction  can  be  enhanced  considerably  by 
treatment. 

The  choice  of  the  treatment  source  is  clearly  an  open  target.  Although  ion  beams  have 
been  the  dominant  technology,  the  high  fluence  new  electron  beams  appear  to  hold  some 
advantages  if  the  size  can  be  scaled  up  without  loss  of  uniformity.  Given  the  present 
application  of  treatments  in  enhancing  the  wear  resistance  of  industrial  tools  (Dr. 
Remnev),  it  is  also  now  clear  that  this  technology  will  have  some  role  to  play  in  future 
industrial  processes. 
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SUMMARY  OF  GENERAL  DISCUSSION 

Dr.  Anthony  J.  Perry 

The  final  discussion  took  place  after  the  last  Session  on  the  Wednesday.  It  focused  on  the 
intense  beam  technologies  and  was  very  lively,  and  remarkably  frank  and  open.  There 
were  many  interjections  during  the  sometimes  lengthy  commentaries.  The  following 
summarizes  the  main  aspects. 

The  discussion  was  opened  by  Dr.  Matossian  with  the  comment  that  while  the  applications 
of  many  of  the  technologies  are  clear,  citing  the  use  of  intense  ion  beams  (IIB)  on  turbine 
blades  (which  have  advantages  over  hard  coatings)  and  potential  use  of  intense  electron 
beams(IEB),  there  is  overlap  with,  e.g.,  the  potential  use  of  metal  ion  implantation.  Hence 
the  question  to  be  answered  is  where  does  each  fit  in. 

Dr.  Shulov  commented  on  the  need  for  an  integrated  approach  because  different  processes 
produce  different  properties,  hence  the  required  properties  define  the  process.  The 
benefits  of  each  process  need  to  be  known  through  expertise  in  a  specific  field  and  a  good 
overview.  As  an  example  he  cited  compressor  blades  where  irradiation  improves  fatigue 
resistance,  with  IIB  offering  the  best  solution  but  the  IEB  will  probably  prove  to  be  as 
good.  At  the  present  time  in  Russia,  the  need  is  for  maximum  benefit  with  minimum 
development:  it  is  difficult  to  introduce  new  technology,  and  impossible  to  introduce  new 
equipment  —  a  situation  which  he  paralleled  with  France. 

Dr.  Proskurovsky  commented  on  the  competition  from  the  IEB  which,  in  terms  of 
development,  is  about  5  years  behind  IIBs.  He  suggested  that  it  will  be  the  next  generation 
of  technologists  who  will  evaluate  them,  not  new  technologies  but  new  people  who  will 
understand  their  different  strengths!  He  remarked  on  the  different  temperature  profiles 
(see  the  attached  figure)  which  he  believes  are  sufficiently  similar  for  heating  purposes. 

Dr.  Rej  remarked  on  a  significant  difference  in  that  IEBs  operate  with  lower  voltages  so 
that  x-ray  generation  is  less  significant,  but  IIBs  can  treat  greater  areas  per  pulse.  He  cited 
the  1000cm2  per  pulse  of  the  ‘Temp’  system  (of  Remnev),  contrasting  ease  of  operation 
with  area  and  treatment  economics. 

Dr.  Thompson  brought  the  discussion  back  to  the  question  of  application,  the  material  to 
be  treated  by  the  beam.  He  believes  that  whereas  the  electron  beam  has  a  unique  profile 
at  a  given  energy,  an  ion  beam  offers  greater  flexibility  in  terms  of  a  choice  of  the  ion  used. 
Better  process  control  is  offered  as  a  specific  profile  can  be  defined,  giving  uniformity  and 
reproducibility.  He  held  the  opinion  that  the  low  cost  applications  had  received  too  much 
attention,  and,  further,  that  new  applications  should  be  sought  where  there  is  currently  no 
technology  in  place  rather  than  continue  trying  to  compete  with  an  existing  solution.  The 
drive  has  to  come  from  applications,  the  research  (the  fun  part)  can  follow. 
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Dr.  Kalin  broadened  the  discussion  to  include  his  own  technolog)’  which  provides 
uniformity,  eliminates  micro-arcs,  and  offers  a  wide  energy'  content  of  the  beam.  The 
technique  offers,  specifically,  a  good  corrosion  resistant  treatment  by  putting  down  a 
coating  then  mixing  it  in  via  a  liquid  phase. 

Dr.  Langner  reminded  us  that  in  both  cases,  IIB  and  IEB,  the  ion  dose  is  too  low  to  modify 
the  material  other  than  through  the  thermal  treatment.  He  agreed  with  the  need  for  both: 
the  thermal  effect  (melting)  and  alloying  of  some  15%  down  to  a  depth  of  over  3”  but  this 
is  currently  without  commercial  application. 

Dr.  Kozlov  contested  the  subsidiary  nature  of  research  in  this  field.  Regardless  of  the 
material  properties  and  the  economics,  the  science  behind  the  different  technologies  and 
their  effects  on  materials  needs  to  be  understood,  or  else  the  real  properties  cannot  be 
guaranteed.  These  processes  are  very  science  intense  because  the  material  being  treated 
are  inherently  very  complex  and  the  energies  released  are  very  high.  He  believes  in  the 
usefulness  of  computer  modeling  coupled  with  basic  research  to  define  technique  and 
application  and  resolve  the  cry  of  “our  technology  is  best”. 

Dr.  Sharkeev  also  supported  the  need  for  materials  research.  He  pointed  out  that  over  the 
past  few  years  about  80%  of  papers  published  have  dealt  with  new  sources,  and  only  about 
20%  with  their  effect  on  structural  materials  being  treated.  It  is  the  material  studies  which 
should  define  the  required  technology. 

Dr.  Karotaev  supported  the  need  for  materials  studies.  He  pointed  out  that  high  power 
beam  techniques,  pulsed  power  in  general,  cause  cratering  on  the  surface  of  the  materials 
treated.  This  is  not  true  of  plasma  treatment  methods.  He  saw  the  real  need  for  (minimal) 
collaborative  studies  on  specific  materials,  their  properties  and  phase  states,  to  compare 
the  respective  features. 

Dr.  Li  remarked  that  there  is  much  technology  in  China  which  should  be  included  in  such  a 
study  to  mutual  benefit.  He  also  saw  the  need  for  computer  simulation. 

Dr.  Brukhov  agreed  with  the  need  for  comparative  studies,  and  added  that  both  high  and 
low  energy  beams  should  be  studied  on  real  materials. 

Dr.  Rej  effectively  summarized  the  discussion  by  remarking  that  we  had  discussed  good 
science,  and  good  applications  as  a  result  of  the  unique  properties  generated.  The  need  for 
collaborative,  application  oriented  comparative  studies  is  clear. 
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Dear  Prof.  A.  J.  Perry, 

Thank  yon  very  much  for  your  e-mail  letter  where  you  give  a 
high  appreciation  of  the  work  of  my  laboratory  and  give  hope  of 
our  possible  collaboration  with  US  facility.  We  would  be  happy 
if  with  your  assistance  it  would  be  possible  to  set  up  such  joint 
project. 

As  for  figure  indicating  the  temperature  profiles  its  history  is 
as  following.  Temperature  profiles  of  laser  and  power  ion  beam 
we  took  from  article  of  Dr.  Stinnett  et  al.  ”Ion  Beam  Surface 
Treatment:  A  New  Technique  for  Thermally  Modifying  Surfaces 
Using  Intense,  Pulsed  Ion  Beams”  published  as  Stinnett  said  in 
Proc.  of  10th  Pulsed  Power  Conference,  July  10-13,  1995  Albu¬ 
querque,  NM  USA.  On  my  request  A.  Markov,  a  scientific  worker 
of  my  laboratory,  who  deals  with  modelling  of  temperature  and 
stress  fields  have  calculated  temperature  profile  which  according 
to  the  typical  parameters  of  our  beam.  It  appeared  that  in  com¬ 
parison  with  an  ion  beam  we  have  the  same  specific  energy  ex¬ 
penditure,  but  temperature  gradients  inside  of  material  are  lower 
and  temperature  profile  is  more  gently  sloping.  The  last  may  be 
attractive  for  some  technologies.  I  send  you  this  picture.  As  for 
our  calculation  of  temperature  fields,  they  have  been  published, 
for  example,  in  the  following  article: 

Yu.  F.  Ivanov,  V.  I.  Itin,  S.  V.  Lykov,  et  al.  ’’Phase  and 
Structural  Changes  in  Steel  45  under  the  Action  of  a  Low-Energy 
High-Current  Electron  Beam” —  Izvestiya  Akademii  Nauk  SSSR, 
Soriya  Metally  (IANSM),  1993,  No.  3,  pp.  130-140. 

Besides  you  likely  can  read  our  Reports  on  Contract  AM-2868 
implemented  for  SNL. 

Thank  yon  very  much  for  your  credit  to  me  as  a  scientist  and 
a  specialist.  If  you  will  be  in  Prague  we  can  meet  there.  Besides 
I  would  like  to  came  to  USA  (Berkeley)  to  take  part  in  ISDEIV. 

Hope  for  future  meetings  and  collaboration. 

Yours  Sincerely,  Dmitry 

Prof.  D.  I.  Proskurovsky,  D.  Sc. 


Temperature  Profiles  in  Steel  Due  to  Laser, 
Proton  Beam ,  and  Electron  Beam  Heating 


-  Laser  Beam,  308  nm.  80  ns,  i  .25  ,Vcm2  [  R.  V.Stmneft  et  a!.} 

-  Proton  Beam,  500  keV,  100  ns.  4.0  J/cm2  [  R.V. Stinnett  et  al.) 

-  Election  Beam, 25  keV,  2001)  ns,  4.5  J/an2  [Our  re  suits] 
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ADVANCED  VACUUM  ARC  METAL  ION  IMPLANTATION  SOURCE 
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ABSTRACT 

The  economics  of  using  standard  semiconductor-type,  mass  separated  ion  beams,  for  non¬ 
electronic,  industrial  applications  are  prohibitive.  Over  the  last  nine  years  a  major  effort 
has  gone  into  development  of  direct  metal  ion  implantation  systems,  using  the  cathodic  arc 
process  to  generate  a  pure  metal  ion  plasma.  In  the  design  of  industrial  systems  a  number 
of  factors  beyond  beam  current  are  important.  These  include  system  cost,  beam  profile, 
maintenance  schedules,  reliability  and  system  efficiency.  In  this  paper  a  new  cathodic  arc 
ion  implantation  system  designed  specifically  for  industrial  applications  will  be  presented. 
The  system,  termed  Hydra  by  ISM,  features  multiple  cathodic  arc  ion  sources  powered  by  a 
single  power  supply  and  pre-programmed  and  controlled  by  computer. 

As  in  MEWA  systems,  the  new  system  uses  the  pulsed  cathodic  arc  for  its  source  of 
metal  plasma.  Unlike  any  other  system  ever  built,  this  new  advanced  vacuum  arc  ion  source 
(AVIS)  system  operates  with  four  separate  ion  sources,  all  driven  simultaneously  from  a 
single  power  supply  and  computer  control  system.  Each  ion  source  is  capable  of  a  time 
average  current  in  excess  of  100  mA,  has  a  rectilinear  beam  spot  0.5  by  1  m  at  2  m  from  the 
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source,  and  six  cathodes.  The  operator  can  choose  which  of  24  cathodes  (6  per  source)  to 
operate,  arranged  in  up  to  three  sequences.  The  system  will  then  fire  the  cathodes 
sequentially  until  a  sequence  preset  level  is  achieved,  then  switch  to  the  next  sequence. 
This  process  can  be  repeated  in  incremental  steps  to  facilitate  multi-element  implants.  A 
further  unique  feature  of  the  advanced  vacuum  arc  ion  sources  is  that  the  cathodes  are 
connected  to  step  motors.  During  operation,  the  computer  feeds  the  cathodes  continuously, 
allowing  the  system  to  operate  for  extended  periods. 
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1.  INTRODUCTION 

The  development  of  direct  metal  ion  implantation  systems,  required  by  simple 
economic  considerations  [1],  has  enabled  expansion  into  many  non-electronic  applications 
at  the  industrial  production  level.  The  advantages  include  ease  of  operation,  good 
economy,  and  high  throughput  when  compared  with  systems  using  mass  separation 
methods  necessary  in  the  semiconductor  industry.  Currently,  the  largest  ion  source 
available,  based  on  the  metal  vapor  vacuum  arc  [2,3],  is  designated  the  MEWA  IV  80-50 
where  the  designators  define  the  features  as  follows.  The  designation  IV  was  used  by 
Lawrence  Berkeley  National  Laboratory,  and  has  been  adopted  by  ISM  Technologies,  Inc., 
and  Nippon  Steel  Corporations  for  ion  sources  using  a  multiple  cathode  carousel,  typically 
with  up  to  12  cathodes.  This  increase  in  cathode  capacity  significantly  increases  operating 
time  of  the  machine  and  permits  multi-element  implantations  without  breaking  vacuum. 
The  ion  source  is  capable  of  producing  circular  beams  of  300mm  diameter  at  a  distance  of 
1000mm  from  the  source.  At  an  accelerating  voltage  of  80  kV  and  a  50mA  power  supply 
the  ion  current,  typically  of  chromium  ions,  is  25  mA  as  described  elsewhere  [4-7].  The  ion 
source  has  been  used  for  several  years  for  commercial  surface  modification  as  well  as  for 
development  projects  employing  metal  ion  beams.  One  successful  application  is  in  the 
implanting  of  cutting  tools  and  tool  inserts  with  the  so-called  ToolPeen®  process,  developed 
by  ISM,  which  utilizes  a  dual  Ti  and  Ni  implant  at  70kV  to  a  total  dose  of  1017  ions. cm  2  [8]. 
At  the  lower  end  of  the  scale  a  laboratory  system,  termed  a  MEWA  IIC  80-5,  generates  a 
typical  ion  beam  approximately  150  mm  in  diameter  at  a  distance  of  1200  mm  from  the 
source  with  an  chromium  ion  current  of  2mA. 
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The  existing  systems  are  quite  adequate  for  process  development  and  small  scale 
production,  but  they  are  inadequate  when  large  areas  or  high  numbers  of  parts  have  to  be 
implanted.  Many  industrial  applications  require  the  implantation  of  large  size  work  pieces, 
such  as  dies  and  molds,  or  very  large  surface  areas,  such  as  rolled  metal  sheets.  Thus  there 
is  a  requirement  for  a  ion  source  generating  a  broader  uniform  ion  beams  the  geometrical 
shape  of  which,  for  incorporation  into  a  production  line,  is  dictated  to  be  rectangular. 

In  this  paper  we  present  the  design  and  characteristics  of  a  new  cathodic  arc  metal 
ion  source,  termed  the  advanced  vacuum  arc  ion  .source  (AVIS),  which  has  been  developed 
at  ISM  for  large  scale  industrial  application.  The  novel  features  of  this  ion  source  are 
discussed  and  compared  with  the  existing  MEWA  IV  80-50  with  some  of  the  significant 
system  parameters  noted  in  Table  I.  The  source  has  been  mounted  on  a  commercial  ion 
implantation  system  and  had  been  run  regularly  in  production  at  ion  beam  currents  of 
100mA  for  more  four  hours.  In  a  recent  test  the  system  was  run  continuously  at  80kV  and 
over  75mA  average  beam  current  for  Cr  implantation  for  a  period  of  24  hours  without 
breaking  vacuum. 


2.  THE  ION  IMPLANTATION  SYSTEM 

The  major  innovative  feature  of  the  new  system,  in  contrast  to  any  existing  system,  is 
the  operation  of  four  separate  AVIS  ion  sources,  each  with  a  nominal  average  ion  current 
of  75mA,  via  a  single,  computer  controlled,  power  supply.  This  system  is  termed  Hydra  by 
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ISM.  The  total  average  ion  current  produced  by  the  system  is  300  mA  at  an  accelerating 
voltage  80  kV.  In  practice,  the  four  ion  sources  are  mounted  on  the  top  of  a  vacuum 
chamber,  as  indicated  schematically  in  Fig.  1,  and  oriented  to  produce  vertical  beams.  The 
beams  are  combined  to  cover  a  rectangular  area  2000mm  x  1000mm  at  a  distance  2000mm 
below  the  sources.  All  four  sources  are  water-cooled  with  deionized  water  and  share  a 
common  lead  enclosure  for  an  X-ray  retention  suitably  designed  to  bring  the  power  leads 
to  the  sources. 

In  the  current  arrangement  the  ion  implantation  system  has  four  AVIS  sources  each 
mounted  with  six  arc  cathodes.  The  sequencing  and  firing  is  pre-programmed  and  then 
computer  controlled.  The  computer  is  programmed  to  control  the  sequencing  of  24  arc 
cathodes  but  their  distribution  of  the  is  flexible,  e.g.,  they  can  be  mounted  separately  and 
located  in  specified  positions  on  an  implantation  chamber  wall,  or  mounted  in  groupings 
other  than  the  current  six  per  AVIS  source. 

2. 1.  Ion  Source 

As  shown  schematically  in  Fig.  2,  the  ion  source  of  the  AVIS  system  is  of  the 
classical  MEWA  type  comprising  the  arc  plasma  source,  the  drift  tube  through  which 
metal  plasma  expands  and  drifts  to  the  extraction  area,  and  the  ion  extraction  and 
acceleration  system.  The  source  is  fitted  with  a  water  cooled  heat  shield,  made  of  oxygen- 
free  high  conductivity  copper,  and  is  mounted  on  a  300mm  x  300mm  square,  110mm  high 
voltage  insulator  base. 
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The  vacuum  arc  cathode  is  rod-shaped,  with  trigger  ring  and  trigger  insulator.  In 
contrast  to  the  single  cathode  MEWA  design,  an  innovation  in  the  AVIS  is  the  use  of  an 
assembly  of  six  cathodes  mounted  in  each  ion  source.  These  cathodes  can  be  fitted  with 
any  desired  cathode  material,  and  can  be  computer  programmed  to  fire  independently  and 
in  any  desired  sequence.  The  anode  configuration  is  a  plate  with  a  set  of  six  annular 
openings  coaxial  with  the  cathodes.  The  arc  discharge  is  initiated  by  a  high  voltage  (20  kV) 
pulse  applied  between  the  trigger  ring  and  the  cathode,  then  sustained  by  the  arc  power 
supply  (80  V  open  circuit  voltage,  150  A  arc  current)  in  the  region  between  cathode  and 
anode.  The  highly  ionized  metal  vapor  generated  drifts  to  the  ion  extraction  system. 

The  configuration  has  an  inherent  drawback  because  a  fraction  of  the  ionized  metal 
vapor  and  the  macroparticles  which  are  inherent  in  cathodic  arc  evaporation  condense  out 
as  a  metallic  film  on  the  edge  of  the  anode  annular  opening.  This  build-up  reduces  the 
diameter  of  the  opening  blocking  the  plasma  drift  (and  decreasing  the  performance  of  the 
source)  and  may  eventually  become  thick  enough  to  short  circuit  the  anode-to-cathode  gap. 
In  practice,  this  imposes  a  limit  on  the  operating  time  of  the  system,  which  has  to  be 
determined  experimentally  as  different  metals  behave  differently,  making  it  necessary  to 
shut  down  the  system  and  break  vacuum  for  servicing  the  source  by  mechanically  removing 
the  metal  build-up  on  the  anode.  An  electrical  short  circuit  between  anode  and  cathode 
can  lead  to  damage  of  the  electrical  components  in  the  power  supply  systems. 

Two  further  innovations  were  introduced  to  maximize  the  continuous  running  time 
of  the  system.  First,  an  anode  plate  was  developed  for  the  system  which  can  be  step- 
rotated  around  an  axis  off-set  from  the  axis  of  the  cathode  assembly  (Fig.  3)  of  the 
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multiple  cathode  unit.  Several  sets  of  holes  (each  set  aligned  with  the  set  of  cathodes)  were 
cut  into  the  anode  plate  and  located  symmetrically  around  the  axis  of  rotation.  Each  step 
brings  a  new  set  of  the  anode  holes  directly  under  the  cathodes  to  replace  the  used  set.  In 
the  initial  experiments  eight  such  sets  of  anode  holes  were  employed.  Second,  a  cathode 
feed  feature  was  added  to  the  system  which  mode  of  operation  can  be  understood  as 
follows.  In  the  existing  MEWA  ion  sources  the  cathode  rod  is  held  fixed  so  that,  after  an 
integrated  charge  of  some  10  -  15  kC  per  cathode  depending  on  the  material,  the  cathode 
would  stop  firing  because  of  material  consumption  and  uneven  wear,  then  requiring  source 
servicing  to  advance  the  cathode  rod.  In  the  AVIS  source  the  cathodes  are  connected  to 
stepper  motors,  which  are  computer  controlled  to  advance  the  cathode  during 
implantation.  The  feed  rate  and  increments  are  set  on  the  computer  for  each  cathode 
depending  on  the  specific  properties  of  the  material. 

The  ion  extraction  and  acceleration  system  was  designed  to  deliver  an  ion  beam 
with  a  uniformity  of  better  than  ±15%  when  entering  the  chamber  through  the  insulator 
duct.  It  is  a  conventional  three  electrode  system  comprising  extractor  (80  kV),  suppresser 
(-5  kV)  and  ground  grids.  The  extraction  system  has  369  circular  apertures  arranged  on  a 
170mm  x  210mm  rectangle.  The  spacing  between  extractor  and  suppresser  is  20  mm  and 
between  suppresser  and  ground  grid  4  mm.  The  high  voltage  across  a  given  accelerator  gap 
for  metal  ion  sources  is  usually  lower  than  for  a  gaseous  source  because  of  the  metal 
macroparticles  which  are  always  present  in  the  arc  discharge  and  was  taken  into  account  in 
the  present  settings. 
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22  Power  Supply 

The  power  supply  system  to  the  arc  source  consists  of  separate  power  supply  units 
for  the  triggers,  and  single  supply  for  the  arc  currents  mounted  in  a  Faraday  cage  on  high 
voltage  insulators.  They  are  controlled  through  a  fiber-optic  connector  because  these 
systems  are  brought  to  high  voltage  during  operation.  The  high  voltage  power  supply  for 
the  ion  beam  includes  the  100  kV  capacitor  bank  (total  capacitance  is  4.8  mF),  and  a  high 
voltage  regulator  based  on  the  tetrode  tube.  The  feedback  control  circuit  allows  the 
regulator  to  turn  off  the  high  voltage  during  breakdowns  to  protect  the  ion  source  grids 
from  damage.  All  the  components  of  the  high  voltage  power  supply  are  rated  at  100  kV, 
20  kV  above  the  ion  source  rating.  The  power  supply  for  the  suppresser  electrode  is 
adjustable  up  to  -5  kV  and  connected  in  parallel  with  a  high  voltage  diode  stack  to  protect 
the  system  if  a  breakdown  occurs  between  the  extractor  and  suppresser  electrodes.  The 
Faraday  cage  door  and  the  lead  shield  enclosure  are  interlocked  with  a  Kirk  key  system 
such  that  they  cannot  be  open  without  the  power  supply  turned  off  and  grounded. 

2.3.  Control  System 

The  computer  control  system  based  on  a  486-33  processor  was  integrated  into  the 
design  to  allow  an  easy  and  flexible  operation  of  the  whole  system.  In  defining  a  specific 
implantation  sequence,  an  operator  can  designate  up  to  three  firing  sequences  for  the  six 
cathodes  in  each  source  (and  the  total  of  24  cathodes  in  the  whole  implantation  system). 
Each  sequence  can  be  set  for  the  specific  element  to  be  implanted  with  predetermined 
optimal  parameters  such  as  the  arc  current,  repetition  rate  and  pulse  length.  The  system 
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then  fires  the  cathodes  following  the  defined  sequence  until  a  pre-set  implant  dose  level  is 
achieved,  and  then  switches  to  the  next  pre-programmed  sequence.  This  process  can  be 
repeated  in  incremental  steps.  The  computer  is  programmed  to  analyzes  the  data  on  the 
integrated  arc  current  per  cathode  in  real  time  mode  and  send  the  appropriate  signal  to  the 
control  board  of  the  stepper  motors  to  feed  the  cathodes  during  the  implantation  process. 
Further,  the  computer  stores  the  information  on  the  status  of  each  cathode  used  in  the 
current  implantation  and  maintains  in  files  the  data  for  previous  implantations. 


3.  EXPERIMENTAL 

The  AVIS  array  of  four  ion  sources  is  designed  for  mounting  onto  any  vacuum 
system  for  ion  implantation  in  production  facilities.  In  the  present  experiments  a  single 
source  was  used  to  determine  the  characteristics  of  the  ion  source.  The  initial  experiments 
were  carried  out  with  the  ion  source  mounted  on  a  cylindrical  steel  vacuum  chamber  1.8m 
in  length  and  1.2m  in  diameter  with  nickel  plated  walls  and  fitted  with  a  16”  Varian 
cryopump  and  a  vacuum  ion  gauge.  The  base  pressure  in  the  chamber  was  10'5  Torr,  which 
is  relatively  poor  for  a  conventional  ion  implanting  system.  This  allowed  the  system  to  be 
tested  under  the  vacuum  conditions  likely  to  be  met  in  industry  where  the  cost  of  the 
vacuum  chamber  and  pumping  station  are  significant  considerations.  The  chamber  was 
fitted  with  a  water-cooled  table  made  from  a  low  outgassing  aluminum  alloy.  The  table 
was  fitted  with  flexible  water-cooling  connections,  and  wheels  which  ran  on  rails  in  the 
bottom  of  the  chamber,  all  designed  to  provide  convenient  loading  of  heavy  and  large  size 
samples. 
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Following  the  first  series  of  experiments  studying  and  optimizing  the  ion  source 
parameters  under  industrial  conditions,  a  second  chamber  was  installed  for  further  studies 
under  higher  vacuum.  This  was  made  of  stainless  steel  with  water-cooled  walls  and  was 
more  compact,  980mm  x  550mm  x  500mm.  Using  the  same  pumping  system  as  before  this 
chamber  reached  a  vacuum  of  better  than  3xl0'6  Torr  in  1  hour. 

3. 1.  Beam  diagnostics 

Two  methods  were  used  for  the  measurement  of  the  ion  beam  current  profiles. 
First,  a  Faraday  cup  was  used  with  a  4  mm  diameter  opening  which  had  magnetic 
secondary  electron  suppression  and  an  optional  biased  collector  to  measure  the  ion 
current.  An  array  of  6.35mm  diameter  current  collectors  was  designed  to  determine  the 
relative  ion  current  profile  and  was  arranged  in  a  cross-like  form  over  a  rectangular  plate 
300mm  x  500mm  located  500mm  below  the  ion  source.  The  collectors  on  the  array  were 
made  of  aluminum  with  high  temperature  ceramic  insulators  to  withstand  the  ion  beam 
power.  During  the  tests  it  was  found  unnecessary  to  use  the  optional  Alnico  permanent 
magnets  to  suppress  secondary  electrons.  The  signal  received  on  the  collectors  was 
calibrated  at  the  center  of  the  ion  beam  and  on  the  periphery  before  using  the  array  to 
obtain  the  distribution  of  the  beam  current.  Second,  samples  were  places  at  specified 
points  at  different  distances  from  the  beam  center  on  the  base-plate.  A  Portaspec  model 
2501  portable  X-ray  fluorescence  (XRF)  analyzer  was  used  to  compare  the  implanted  dose 
in  the  samples.  In  these  tests  Cr  ions  were  implanted  to  a  dose  of  approximately  2xl017 
ions/cm2  into  Al,  Si  and  graphite  samples. 


10 


11 


4.  RESULTS  AND  DISCUSSION 

4.1.  Regimes  of  operation 

The  single  ion  source  was  tested  in  two  operating  regimes. 

-  In  the  first  regime,  the  high  voltage  on  the  ion  source  was  maintained  continuous 
with  the  arc  current  pulsed.  In  this  regime  all  the  ions  from  the  plasma  created  by  the  arc 
discharge  are  accelerated  through  the  extractor-suppresser  gap,  and  the  length  of  the  ion 
current  pulse  is  determined  by  the  length  of  the  arc  current  pulse. 

In  the  second  regime,  the  high  voltage  on  the  ion  source  is  also  pulsed  so  that  the 
length  of  the  ion  current  pulse  is  now  controlled  by  the  high  voltage  regulator.  This  can  be 
set  to  any  value  within  the  time  period  that  the  arc  current  is  on,  thus  changing  the  ratio 
tarJtHV,  (tarc>  tHV)  where  tarc  is  the  arc  current  pulse  length,  and  is  the  length  of  the  high 
voltage  pulse.  Thus,  the  second  regime  permits  a  combination  of  ion  implantation  with 
metal  film  deposition.  Typical  oscilloscope  traces  for  the  arc  current  and  ion  extractor 
current  are  shown  in  Fig.  4.  During  these  experiments,  it  was  found  in  this  regime  that 
there  was  a  reduction  in  the  amount  of  high  voltage  breakdowns  between  pulses,  thus 
improving  the  efficiency  of  the  system. 

4.2.  Metal  plasma  and  perveance  studies 

The  metal  plasma  distribution  was  first  studied  at  different  distances  from  the  anode 
plate  with  a  single  cathode  prototype  unit.  The  results  indicated  that  the  drifting  distance 
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can  be  selected  between  220mm  and  300mm.  As  a  next  step  an  optimal  plasma  density  was 
determined  for  selected  parameters  of  the  ion  extraction/acceleration  system.  This  was 
done  by  adjusting  the  value  of  the  arc  current,  and  thus  the  amount  of  ionized  metal  vapor, 
which  delivered  metal  ions  to  the  extraction  area  as  shown  in  Fig.  6.  However,  it  should  be 
noted  that  using  high  values  of  the  arc  current  ( for  most  metals  this  is  set  above  135  A)  can 
cause  an  increased  rate  of  macroparticle  production,  and  a  higher  rate  of  erosion  of  the 
cathode  and  trigger  insulators.  Consequently,  a  comprehensive  series  of  experiments  was 
carried  out  to  find  an  optimal  combination  of  arc  current,  plasma  drift  distance  and 
extraction  system  parameters  for  the  beam  perveance  without  sacrificing  the  uniformity  of 
the  beam.  Typical  perveance  curves  are  shown  in  Fig.  7.  The  optimal  plasma  density  for 
each  value  of  the  high  voltage  was  found  by  comparing  the  extractor  Iat  and  suppresser  Imp 
current  signals  on  a  digital  oscilloscope.  The  ratio  Imp/  I^,,  averaged  over  all  six  cathodes, 
has  to  be  less  than  0.1  to  maintain  optimal  conditions  at  the  ion  extraction  system.  During 
the  experiments  in  the  larger  chamber  the  ratio  was  observed  to  be  greater  than  0.1.  It  was 
considered  that  this  phenomenon  was  the  result  of  the  chamber  pressure  being  higher  than 
2  x  10 3  Torr.  Further  experiments  showed  that  ions  were  hitting  the  edges  of  the  insulator 
duct  of  the  ion  source  mounting  flange,  in  other  words,  the  ion  beam  with  its  desired 
spread  was  unavoidably  interfering  with  the  duct.  This  geometric  effect  was  taken  into 
consideration  during  the  design  of  the  second  chamber,  where  the  ratio  Impl  JCT,  was 
measured  as  0.04. 


4.3.  Extraction  system  design  and  beam  uniformity 
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The  relationship  between  the  uniformity  of  the  plasma  from  the  arc  discharge  and 
the  uniformity  of  the  ion  beam  was  a  significant  issue  during  the  design  and  testing  stages 
of  the  system.  The  measurements  were  carried  out  at  the  distance  of  500mm  from  the 
source  using  the  methods  described  above.  The  Faraday  cup  was  mounted  together  with 
the  current  profile  measurement  array  for  the  initial  calibration  of  the  ion  current  signal. 
The  array  was  then  used  for  determining  the  relative  distribution  of  the  beam  current 
across  the  rectangular  field.  The  distribution  of  the  ion  current  along  the  short  Y-axis  of 
the  rectangle  was  expected  to  be  Gaussian  and  our  experiments  confirmed  this.  As  noted 
above,  the  desired  distribution  along  the  X-axis  was  a  uniformity  of  +15%.  Most 
experiments  were  conducted  with  the  accelerating  voltage  set  at  80  kV,  with  some  data 
additional  data  taken  at  50  kV  and  70  kV  to  confirm  the  current  profile  at  lower  voltages. 
The  suppresser  voltage  in  all  the  experiments  was  kept  constant  at  -5  kV.  No  significant 
changes  were  observed  in  the  ion  current  distribution,  but  there  was  a  tightening  effect 
when  the  edges  of  the  beam  cross-section  became  sharper  at  higher  voltages.  The 
distribution  of  the  beam  current  along  the  X-axis  measured  at  an  accelerating  voltage  of  80 
kV  is  shown  in  Fig.  8.  The  results  returned  by  the  current  profile  array  were  in  acceptable 
agreement  with  the  XRF  measurements. 

In  the  attempt  to  simplify  the  structure  of  the  ion  source  and  to  improve  the  current 
distribution  further  we  carried  out  an  experiment  with  a  two  electrode  arrangement,  e.g. 
with  ground  grid  assembly  removed.  Such  configuration  is  used  to  broaden  the  beam  and, 
in  this  case,  the  lines  of  equipotential  of  the  electrical  field  between  suppresser  and 
grounded  elements  of  the  chamber  work  as  a  decelerating  structure  for  the  ion  beam  [9]. 
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This  modified  structure  significantly  broadened  the  beam.  However,  further  experiments 
showed  that  a  better  uniformity  could  be  obtained,  without  spreading  the  edges  of  the  ion 
beam,  by  removing  only  the  grounded  grid,  keeping  the  ground  cup  assembly  in  the  source. 

Many  commercial  implantations  have  been  carried  out  with  the  system  since  the 
experimentation  was  completed.  These  have  included  high  dose  Cr  implantation  for 
borrosion  resistance,  and  a  number  of  Ti-Ni  ToolPeen®  dual  metal  ion  implantations  of 
large  batches  of  cutting  tools.  The  time  of  implantation  for  both  these  processes  with  an 
average  beam  current  of  12-15mA  is  approximately  1  hour  to  reach  the  dose  of  lxlO17 
ions. cm  .  The  system  has  also  been  tested  at  far  higher  ion  beam  currents  of  100  mA 
average  current  for  more  than  four  hours  with  a  coarse  vacuum  of  2-3  x  10'5  Torr  to 
demonstrate  that  indeed  the  system  has  a  rugged  design  and  is  suitable  for  operating  under 
industrial  conditions.  Finally,  the  system  has  been  run  continuously  at  80kV  and  over 
75mA  average  beam  current  for  Cr  implantation  for  a  period  of  24  hours  without  breaking 
vacuum. 

5.  CONCLUSION 

An  advanced  vacuum  ion  implantation  source  (AVIS)  for  metal  ion  implantation 
has  been  developed  with  enhanced  capabilities  as  based  on  experience  with  several 
generations  of  MEWA  type  metal  ion  sources.  The  AVIS  source  features  six  cathodes, 
and  its  versatility  of  the  was  significantly  enhanced  by  integrating  into  it  a  sophisticated 
computer  control  system  which  allowing  multi-element  implantations  to  be  implemented  in 
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preprogrammed  sequences.  Further  innovations  have  increased  the  operating  time  of  the 
source  without  breaking  vacuum,  extended  cathode  lifetime  with  a  feed  mechanism,  and 
raised  the  arc  current  efficiency.  Several  AVIS  sources  can  be  controlled  at  one  time  from 
the  single  computer  and  power  supply,  with  the  system  termed  Hydra  by  ISM.  The  system 
has  a  rugged  design  and  is  suitable  for  operation  in  industrial  conditions. 
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Table  l 


Parameter 

MEWA IV  80-50 

AVIS 

Average  current 

25  mA 

100  mA 

Accelerating  voltage 

80  kV 

80  kV 

Beam  size 

0.018  m2 

~  0.50  m2 

Shape  of  the  beam 

Circular 

Rectangular 

Source  to  substrate  distance 

1200  mm 

1600  mm 

Number  of  cathodes 

12 

6 

Cathode  feed  option 

No 

Yes 
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Figure  captions . 

Figure  1.  Schematic  diagram  of  a  Hydra  system  featuring  the  advanced  vacuum  ion 
implantation  source  (AVIS)  for  metal  ion  implantation  showing:  1  -  vacuum 
chamber,  2-  cryopump  with  gate  valve,  3  -  ion  sources,  4  -  high  voltage  cable  duct,  5 
-  Faraday  cage,  and  6  -  X-ray  shield  enclosure. 

Figure  2.  Schematic  diagram  of  the  ion  source  assembly  showing:  1  -  arc  source  with 
cathode  drive;  2  -  drift  tube;  3  -  high  voltage  insulator  assembly ;  containing  the  ion 
extraction  system;  4  -  ground  cup  assembly. 

Figure  3.  Schematic  diagram  of  the  AVIS  arc  source:  1  -  cathode  drive;  2  -  water- 
cooled  flange;  3  -  cathodes;  4  -  anode  plate;  5  -  arc  source  flange;  6  -  ratchet 
mechanism. 

Figure  4.  Typical  oscilloscope  traces  of  the  extractor  current  (upper  trace)  and  arc 
current  (lower  trace)  for:  (a)  pulsed  high  voltage  and  pulsed  arc  current,  and  (b) 
DC  high  voltage  and  pulsed  arc  current. 

Figure  5.  Extractor  current  and  suppresser  current  from  a  single  cathode  as  a  function 
of  arc  current  at  40  kV  accelerating  voltage. 
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Figure  6.  Extractor  current  at  optimum  perveance  for  the  six  (chromium)  cathodes  as 
a  function  of  extractor  voltage  with  the  suppresser  voltage  Usup  set  at  -4.7  kV). 

Figure  7.  Ion  beam  current  profile  at  a  distance  of  500mm  from  the  AVIS  ion  source 
as  measured  by  X-ray  fluorescence. 
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REPETITIVELY  PULSED  VACUUM  ARC  ION  AND  PIASMA  SOURCES 
"RADUGA  1-5"  AND  NEW  METHODS  OF  ION  AND  ION-PLASMA 
TREATMENT  OF  MATERIALS 


A.I.Ryabchikov 


Nuclear  Physics  Institute,  634050  Tomsk,  Russia 


A  btief  reveiw  is  presented  of  the  "Raduga  1-5"  repetitively  pulsed  vacuum  arc  ion 
sources.  Their  operation  principles  and  functional  ranges  are  described.  The  Raduga  ion  sources 
provide  single-  and  multi-element  implantation.  These  advantages  are  achieved  by  using  not  only 
pure  single-element  or  mixed  ion  beams,  but  also  pulsed  beam  sequences  with  controllable 
composition  and  energy  of  each  ion  species.  Another  feature  of  the  ion  sources  is  their  ability  to 
generate  a  sequence  of  ion  beam  and  plasma  stream  pulses.  Switching  between  ion  implantation 
and  plasva  deposition  can  be  done  from  pulse  to  pulse,  within  each  pulse,  or  after  accumulation 
of  a  required  dose.  "Raduga  5"  ion  and  plasma  source  operates  in  a  d.c.  mode  of  plasma  forvation 
and  repetitively  pulsed  mode  of  ion  beam  generation. 


I.  INTRODUCTION 


In  recent  years  sources  of  accelerated  ions  as  a  tool  for  modifying  the  physical  and 
chemical  surface  properties  of  different  materials  have  become  of  great  interest.  Numerous  fields 
of  application  of  ion  implantation  for  improving  the  surface  properties  of  metals,  alloys,  and  other 
construction  materials  have  required  a  substantial  increase  of  irradiation  dose,  up  to  1017-1018 
ions/cm2,  resulting  in  the  development  of  high  intensity  ion  sources.  Among  the  range  of  existing 
and  developed  kinds  of  ion  sources,  the  repetitively  pulsed  vacuum  arc  ion  source  ranks  high  [1- 
9].  These  sources  can  produce  high  intensity  beam  of  metal  ions  as  well  as  metal  and  gases 
together.  The  Raduga  ion  sources  can  provide  beams  of  composition-  and  energy-controlled  ion 
beam  for  single-  and  multi-element  implantation.  The  high  concentration  implantation  operation, 
with  surface  ion  sputtering  compensation  using  deposition  of  plasma  and  neutral  atoms,  is  of 
special  interest.  In  this  mode  of  operation,  any  concentration  of  dopants  in  different  materials  can 
be  obtained  with  a  simultaneous  substantial  reduction  of  irradiation  time[10-12].  The  operation  of 
repetitively  pulsed  vacuum  arc  sources  under  ion/plasma  conditions  allows  the  performance  of 
plasma  deposition  of  coatings  under  ion  beam  mixing. 

II.  PRINCIPLES  OF  ION  BEAM  FORMATION  IN  RADUGA  SOURCES 


Ion  beam  production  in  ion  and  ion/plasma  Raduga  sources  is  accomplished  by  use  of  the 
repetitively  pulsed  vacuum  ars  discharge.  To  initiate  the  discharge  positive  voltage  is  applied  to  a 
trigger  electrode.  As  a  result  a  cathode  spot  is  formed  on  the  cool  cathode  because  of  breakdown 
across  the  surface  of  a  ceramic  insulator  placed  between  the  cathode  and  trigger  electrode.  The 
expanding  plasma  of  the  cathode  spot  approaches  the  anode.  The  arc  discharge  bums  in  the  vapor 
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of  the  cathode  material  between  the  anode  and  cathode.  The  species  of  the  accelerated  ions  is 
determined  by  the  cathode  material. 

In  Raduga  sources,  a  three-electrode  ion  extraction  and  acceleration  system  is  generally  used.  A 
voltage  is  fed  to  one  of  the  electrodes  to  prevent  plasma  electrons  from  streaming  from  the  on 
beam  drift  into  the  accelerating  gap. 

Any  version  of  "Raduga"  ion  source  can  produce  single-component  and  multi-component 
beams  (but  not  controlled  in  composition)  based  on  single-element  cathodes  or  cathodes  of 
complex  composition. 

To  generate  multi-component  ion  beams  which  are  controllable  in  composition,  three 
approaches  have  been  proposed  and  are  in  use  now:  (a)  a  set  of  cathodes  which  are  different  in 
their  element  composition  and  a  system  of  controllable  triggering  electrodes[13],  (b)  a  directed 
motion  of  the  cathode  spot  along  the  working  surface  of  the  composite  cathode[13,14],  (c) 
repetitive  variation  of  the  functional  duties  of  the  ion  source  electrodes  [15]. 

ffl.  THE  FEATURES  OF  ION  AND  ION/PLASMA  SOURCES  "RADUGA  1"  -  "RADUGA  5" 
AND  METHODS  OF  ION  BEAM  AND  ION/PLASMA  TREATMENT  OF  MATERIALS. 

In  the  source  Raduga  1  the  pulse  duration  and  current  of  the  vacuum  arc  discharge  can  be 
varied  over  the  range  20-500  ms  and  10-100  A  by  variation  of  the  circuit  elements  and  the 
discharge  voltage[16,17]. 

The  accelerating  voltage  is  provided  by  a  pulse  transformer.  Simplicity  and  reliability  of 
the  supply  system  combined  with  a  good  cooling  system  allows  high  repetition  raty  operating 
conditions  of  Raduga  1 .  The  main  parameters  of  the  source  are  presented  in  Table  I.  Because  of 
the  high  pulse  repetition  rate  the  source  can  provide  both  ordinary  ion  implantation  and  also 
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implantation  in  combination  with  plasma  coating  deposition.  In  particular,  if  the  accelerating 
voltage  is  formed  by  a  pulse  transformer  and  connected  to  the  target,  various  methods  of 
ion/plasma  treatment  can  be  used,  dependent  on  the  relationship  of  pulse  durations  (arc  discharge 
and  accelerating  voltage)  and  the  system  geometry. 

A  distinctive  feature  of  the  ion  source  Raduga  3  is  its  power  supply  system,  which  is 
desighed  with  a  single  pulse  transformer  only  by  using  an  extrahigh-voltage  transformer  with 
both  triggering  and  arc  discharge  windings[  10-20]. 

A  system  of  multiple  self-triggering  of  the  arc  discharge  in  case  of  its  spontaneous 
quenching  is  ised  to  increase  the  efficiency  of  the  ion  source  at  low  discharge  currents  (Ic~  10-20 
A).  In  Raduga  3  source  the  accelerating  voltage  is  adjusted  by  the  initial  charging  voltage  fed 
from  a  three-phase  autotransformer  to  the  pulse  forming  line.  The  lower  limit  of  the  accelerating 
voltage  (20  kV)  is  determined  by  the  need  to  form  a  voltage  (on  the  extrahigh-voltage  winding  of 
the  pulse  transformer)  sufficient  for  breakdown  across  the  insulator  surface  separating  the  cathode 
and  trigger  electrode.  Increase  of  the  accelerating  voltage  is  simultaneously  accompanied  by  an 
arc  current  increase,  as  well  as  by  beam  current  of  the  accelerated  ions.  The  main  parameters  of 
the  ion  source  "Raduga  3"  are  shown  in  Table  I. 

Within  the  ion  source  Raduga  2  four  cathodes  with  different  element  composition  are 
mounted  to  form  multicomponent,  composition-controlled,  ion  beams.  Each  of  the  cathodes  has 
an  independent  trigger  electrode.  In  one  version  of  the  cathode  assembly  the  cathodes  are  in  the 
form  of  a  cylinder  of  1 0  mm  diameter.  Within  each  cathode  a  ceramic  tube  and  trigger  electrode 
of  2  mm  diameter  are  inserted.  The  thickness  of  the  ceramic  tube  is  0.5  mm.  All  cathodes  are 
electrically  mounted  on  the  same  cathode  holder.  In  another  version  additional  elements  are 
placed  on  the  end  surface  of  the  cylindrical  cathode,  each  having  an  individual  trigger  electrode. 
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Each  trigger  electrode  has  its  individual  supply  system.  To  initiate  the  discharge,  a  high  voltage 
pulse  of  2-10  kV  amplitude  and  2-10  mks  duration  is  applied  between  the  trigger  electrode  and 
cathode.  A  given  pulse  is  produced  by  discharging  a  charged  capacitor  into  the  primary  winding 
of  a  suitable  pulse  transformer.  The  circuit  switching  for  each  transformer  is  perfomed  by  a 
thyristor  block.  After  breakdown  over  the  insulator  surface,  the  generated  plasma  expands  toward 
the  anode.  At  this  moment,  a  discharge  occurs  between  the  cathode  on  which  the  cathode  spot 
was  formed  and  the  anode.  The  duration  of  this  discharge  is  determined  by  the  parameters  of  the 
pulse  forming  line[13,14].  The  main  parameters  of  the  ion  source  "Raduga  2"  are  shown  in  Table  I. 

Control  of  the  repetitive  formation  of  the  spot  on  the  cathode  surfaces  combined  with 
controlled  ion  acceleration  provide  several  ways  of  carrying  out  material  treatment: 

(1)  Four  variants  of  single-component  implantation. 

(2)  Multi-element  ion  implantation  (two  to  four  elements  with  various  sequences  of 

component). 

(3)  Coating  deposition  with  single-element  and  compound  multi-element  composition 

(without  accelerating  voltage). 

(4)  Combination  of  plasma  deposition  and  ion  implantation  processes. 

The  Raduga  4  ion/plasma  source  can  generate  two-element  compound  ion  beams  with  varying 
composition  during  implantation  and  with  ion  current  up  to  0.7  A  within  the  pulse[21-23].  The 
cathode  of  the  source  is  desighed  to  be  compound,  and  each  of  the  two  cathode  elements  has  a 
system  of  independent  trigger  electrodes.  The  anode  of  the  source  is  a  cone  with  a  20-cm-diam 
base  and  with  apex  directed  to  the  cathode.  The  formation  of  pulse  voltages  for  the  arc  discharge 
supply  and  ion  acceleration  is  accomplished  using  3  pulse  transformers.  The  primary  windings  of 
each  transformer  are  fed  from  the  corresponding  pulse-forming  LC  lines. 
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Under  convertional  repetitively  pulsed  conditions,  the  ion  source  forms  a  beam  of 
accelerated  ions  of  the  conducting  material.  Pure  metals  and  alloys  as  well  as  gas-containing 
compounds  may  be  used  as  cathodes.  The  mean  energy  of  the  accelerated  ions  is  determined  by 
the  accelerating  voltage  and  the  mean  ion  charge  state.  The  latter  depends,  in  turn,  on  the  cathode 
material  and  varies  from  1  to  3  [4].  The  pulse  duration  of  the  accelerated  beam  in  the  Raduga  4 
can  be  varied  over  the  range  50-200  mks.  The  source  control  system  allows  the  irradiation  dose 
ratio  to  be  adjusted  for  different  ion  species.  Using  this  method,  both  the  ion  implantation  of 
metals  and  metal  and  gas  implantation  may  be  carried  out.  In  the  second  case  one  of  the  cathodes 
is  manufactured  from  a  compound,  gas-containing,  conducting  material.  Subsequently,  by 
combining  the  different  distribution  profiles  of  the  different  dopants,  or  from  other  conditions,  the 
required  source  operation  regime  is  defined. 

The  regime  of  high-concentration  implantation  is  accomplished  using  ion  sputtering 
compensation  by  plasma  and  neutral  atom  deposition  [10,11].  This  can  be  done  by  combination 
of  ion  implantation  and  plasma  deposition,  i.e.,  ion/plasma  operation  conditions  of  the  source. 
Plasma  deposition  occurs  when  the  accelerating  field  is  not  switched  on,  and  the  freely  expanding 
plasma  is  deposited  onto  the  target.  According  to  the  specific  task  or  the  need  to  form  an 
implantation  distribution  profile  with  high  concentration  of  dopants  below  the  surface  (at  the  ion 
range  depth)  or  near  the  surface  for  sputtering  compensation  of  the  surface  layer,  plasma 
deposition  is  used  with  composition  coinciding  with  the  target  material  or  the  implanted  ion 
species.  In  the  latter  case,  additional  doping  from  the  surface  is  done  by  recoil  implantation.  Then 
the  source  operating  conditions  for  high-concentration  repetitively  pulsed  implantation  can  be 
varie*d  from  ionic  to  plasma  after  a  given  irradiation  dose,  from  pulse  to  pulse  or  within  a  pulse. 
In  the  latter  case,  the  pulse  duration  of  the  arc  discharge  exceeds  that  of  the  accelerating  voltage. 
The  excess  is  defined  by  the  geometric  parameters  of  the  source,  such  as  the  distance  to  the  target, 
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the  degree  of  ionization  of  the  cathode  material,  and  the  coefficient  of  target  ion  sputtering.  The 
arc  discharge  duration  in  the  source  can  be  adjusted  from  50  up  to  1000  mks,  while  the  pulse 
duration  of  the  accelerating  voltage  is  controlled  over  the  range  of  50-200  mks. 

Thin  film  deposition  mode  can  be  accomplished  by  single-  and  multi-  element  operation  of  the 
source,  without  accelerating  voltage. 

Thin  film  deposition  with  ion  mixing  can  be  accomplished  when  the  repetitively  pulsed 
deposition  for  coating  exceeds  that  of  surface  ion  sputtering  under  implantation[24]. 

The  further  development  of  the  idea  of  the  ion  and  plasma  operation  regimes  resulted  in 
creation  of  an  ion/plasma  source  "Raduga  5"  [25].  The  main  feature  of  this  source  lies  in 

t 

continuous  regime  of  generating  plasma  by  a  vacuum  arc.  Due  to  the  d.c.  mode  of  the  vacuum 
arc  several  problems  connected  with  creation  of  highly  intensive  ion  implanters  on  the  basis  of 
the  vacuum  arc  are  solved.  The  first  problem  is  concerned  with  a  limited  period  of  operating  an 
arc-initiating  system.  This  problem  can  be  divided  into  two  parts.  The  first  part  of  the  problem  is 
that  of  failure  of  the  ceramic  insulator  which  separates  the  cathode  and  the  keep-alive  electrode. 
The  second  one  is  due  to  necessity  for  initiating  the  cathode  spot  of  the  vacuum  arc  immediately 
on  the  cathode  working  surface.  As  the  cathode  is  depleted  the  initiation  of  an  arc  becomes 
unstable. 

The  second  problem  of  the  vacuum-arc  ion  sources  of  conducting  materials  is  connected 
with  duration  of  pulses  in  plasma  generation.  The  pulse  duration  applied  in  reality  range  from  a 
hundred  to  several  hundreds  of  microseconds.  Such  duration  are  inhibitory  to  constructing  highly 
intensive  ion  sources  with  a  large  area  of  the  cathode  working  surface.  The  period  of  continuous 
operation  of  the  source  is  limited  by  a  high-speed  depletion  of  a  small  cathode. 

A  continuous  regime  of  generating  plasma  removes  the  above  problems.  Initiation  may  be 
even  single  with  a  subsequent  prolonged  work. 
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Originally  the  cathode  spot  may  be  initiated  on  the  non-working  surface  with  its 
subsequent  transfer  to  the  working  surface  of  the  cathode.  Thus,  with  such  an  approach  to  the  task 
the  cathode  sizes  may  be  large  and  the  operating  period  of  the  source  may  amount  to  hundreds  of  hours. 

Already  at  the  stage  of  generating  highly  intensive  beams  of  accelerated  metal  ions,  with 
the  vacuum  arc  operating  in  pulse  regimes,  the  problem  of  a  microparticle  fraction  in  the  plasma 
flux  became  of  high  priority.  It  is  well  known  that  the  share  of  the  microparticle  fraction  grows 
sufficiently  if  low-melting-point  cathodes  are  used  instead  of  refrectory  ones. 

Working  under  continuous  regimes  of  generating  plasma  by  the  vacuum  arc  the  ploblem 
of  the  microparticle  fraction  makes  the  realization  of  a  highly  intensive  ion  implanter  practically 
impossible. 

To  clear  the  vacuum-arc  plasma  from  the  microparticle  fraction  the  authors  studied  and 
developed  a  shutter  system  whose  schematic  view  projection  is  shown  in  Fig.  1  [26].  In  the 
simplest  case  the  system  represents  a  set  of  plates  through  which  current  is  passed.  The  current 
generates  the  magnetic  field  arround  in  the  vicinity  of  each  plate.  Additionally,  a  positive  bias 
voltage  is  applied  to  the  plates.  The  latter  are  placed  so  that  the  straihgt-line  transit  of 
microparticles  from  any  point  of  the  cathode  surface  into  the  working  volume  of  the  vacuum 
chamber  should  be  cut  off. 

While  the  electric-arc  evaporator  is  in  operation  the  plasma  flux  is  moving  towards  the 
shutter  system.  When  plasma  is  approaching  the  electrodes  it  is  influenced  by  both  the  electric 
and  magnetic  fields.  The  magnetic  field  around  the  electrodes  ensures  partial  or  total 
magnetization  of  the  electron  component  of  plasma,  reduces  plasma  conductivity  and, 
consequently,  makes  it  possible  to  keep  the  positive  potential  on  the  electrodes  of  the  system. 

The  near-electrode  potential  drop  existing  due  to  the  potential  difference  of  electrodes  and 
plasma  as  well  as  the  finite  conductivity  of  plasma  influences  the  ion  component  of  the  plasma 


8 


flux  [27],  Depending  on  the  near-electrode  potential  drop  the  plasma  flux  ions  possessing  a 
directed  velocity  in  their  initial  state  may,  in  overcoming  this  barrier,  deposit  on  the  electrodes  or 
change  the  path  of  their  motion.  For  example,  if  an  ion  approaches  the  electrode  surface  at  the 
angle  of  a,  it  has  an  energy  component 

E0  =  Ez0  -sina  +  kT,  (1) 
which  is  influenced  by  the  near-electrode  potential  barrier.  It  means  that  if 

Ze{(pe  - (pp)>EZ0 •  sin  a  +  kTt  (2) 

an  ion  will  be  elastically  reflected  by  the  anode  side  surface  and  continue  its  motion  in  plasma, 
being  involved  in  the  total  flux  ions  and,  consequently,  plasma  passing  through  the  clearing 
system. 

At  the  same  time  the  microparticles  flying  from  the  cathode  along  straight-line  paths 
always  collide  with  the  shutter  of  the  plasma  filtering  sistem. 

The  results  of  the  experimental  investigations  into  the  efficiency  of  passing  through  the 
filter  and  cleaning  the  plasma  from  the  microparticles  showed  the  following:  in  the  experiments 
with  the  system  of  shutters  where  each  one  was  made  of  two  separate  plates  1 5  mm  wide,  the 
efficiency  of  passing  plasma  essentially  depends  on  the  amount  of  current  passing  through  each 
plate.  Fig.2  presents  the  results  of  the  ion  current  measurements  of  a  collector  installed  at  the 
output  as  a  function  the  current  passing  through  the  plates.  It  follows  from  the  Fig.  that  already  at 
small  magnetic  fields  amounting  to  several  tens  of  gauss  the  efficiency  of  passing  plasma  reaches 
saturation. 

The  dependences  of  passing  plasma  through  the  microparticle  filter  on  the  angle  of  plasma 
incidence  and  the  bias  potintial  on  the  shutters  for  the  same  geometric  conditions  as  is  the  case  in 
Fig.2  are  shown  in  Fig.3. 


9 


It  follows  from  Fig.3  that  the  efficiency  of  passing  plasma  is  reduced  with  increase  of  the 
shutter  inclination  angle  with  respect  to  the  system's  axis.  When  the  angle  of  the  shutter  turn 
slewing  is  increased  a  maximum  efficiency  is  obtained  at  high  bias  potentials.  At  the  slewing 
angle  b=15  which  ensures  a  straight-line  transit  cut-off  of  the  path  for  microparticles,  the 
maximum  efficiency  is  70%.  Decrease  in  efficiency  with  increase  in  the  bias  potential  is 
explained  by  reflecting  the  low-energy  ion  component  of  the  plasma  flux  from  the  longitudinal 
component  of  the  electric  field  available  in  this  system.  It  should  be  noted  that  unlike  other 
plasma  optical  systems  for  microparticles  plasma  filtering  [28,29]  the  described  system  is  simple, 
compact  and  highly  effective. 

The  efficiency  of  clearing  plasma  from  microparticles  can  be  seen  well  if  the  pictures 
(obtained  in  the  optical  microscope  under  400-fold  multiplication)  of  the  surfaces  of  the  deposited 
Ti  coatings  are  compared  (Fig.4a  ,b). 

The  application  of  the  developed  microparticle  filtering  system  in  the  ion/plasma  source 
"Raduga  5"  removed  practically  all  the  problems  in  the  process  of  constructing  a  multi-functional 
installation,  which  is  promising  to  realize  new  ion  and  ion-plasma  technologies  not  only  in  the 
laboratory  conditions  but  also  in  the  commercial  scales. 

Up  to  the  present  time  the  following  parameters  were  obtained: 
regime  of  vacuum  arc  plasma  formation  d.c. 

regime  of  ion  accelaration  repetitively-pulsed 

acceleration  voltage  ,  kV  up  to  50 

200-400 
up  to  200 


pulse  duration,  mks 
pulse  repetition  rate,  p.p.s. 
ion  beam  current  in  a  pulse,  A 
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0,1-3 


average  ion  beam  current,  A 
ion  beam  area,  cm2 


up  to  0,12 
100-500 


speed  of  plasma  deposition  of  coatings,  mkm/h  up  to  5 

It  should  be  noted  that  by  taking  this  approach  the  problem  of  maximum  ion  beam  current 
depends  only  on  the  power  of  the  accelerating  voltaqe  generator.  The  power  of  the  ion  beam  may 
be  easily  increased  due  to  increase  in  ft  of  a  generator,  i.e.,  at  the  expense  of  both  the  increase  in 
the  pulse  freqnency  f  and  the  increase  in  the  pulse  duration  t  of  the  accelerating  voltage. 

Consider  briefly  the  technological  advantages  of  the  ion/plasma  source  "Raduga-5".  The 
simplest  regime  is  that  of  the  plasma  deposition  of  coatings  in  this  case  no  accelerating  voltage 
generator  is  used.  Obvionsly  there  is  no  reason  for  expecting  good  properties  of  coatings  only  due 
to  clearind  plasma  from  micropartieles. 

The  second  regime  is  intended  for  the  plasma  deposition  of  adhesively  strong  and  even 
ion-modified  coatings  at  the  same  time.  In  this  case  the  source  generates  an  alternating  sequence 
of  pulsed  beams  of  accelerated  ions  and  plasma  fluxes.  If  an  accelerating  vdltage  with  the  pulse 
duration  t  and  the  pulse  repetition  rate  f  is  appleid  to  the  source,  the  ratio  of  ion  beams  in  the 
plasma  to  the  accelerated  beam  at  output  of  the  source  may  be  determined  in  the  first 
approximation  as 

0  =  (l/(ft)-l)  (3) 

The  correction  of  ratio  (3)  may  be  done  on  the  basis  of  the  experimental  data.  The  cause  for  this 
may  be  the  fact  that  the  efficiency  of  passing  the  plasma  throngh  the  plasma  filter  will  be 
somewhat  lower  than  in  case  of  the  ion  acceleration.  The  latter  is  due  to  the  partial  penetration  of 
the  accelerating  field  into  the  filter-electrode  space  of  the  filter  system. 

By  introducing  the  correction  coefficient  K  >  1  ratio  (3)  takes  the  form 
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0  =  (l/(Kft)-l) 


(4) 


It  follows  from  condition  (4)  that  the  ratio  on  the  target  may  be  controled  within  wide  limits  by 
changing  the  pulse  frequency  or  pulse  duration.  At  the  same  time  there  is  another  powerful 
instrument  making  it  possible  to  control  this  correlation.  If  a  specimen  under  treatment  is  placed 
not  near  the  source  but  at  some  distance  L  from  it  one  should  take  into  account  that,  depending  oh 
the  distance,  the  current  density  of  the  accelerated  ion  beam  and  the  plasma  density  decrease 
according  to  the  different  law.  Decrease  in  the  density  of  the  ion  beam  current  depends  on  its 
angle  divergence  and  usually  is  not  very  significant.  At  the  same  time  in  case  of  the  lack  of  the 
driving  magnetic  field  the  plasma  density  becomes  lower  according  to  the  law  close  to  1/L2. 
Thus,  placing  the  target  at  some  distance  one  may  solve  the  technological  problems  of  the  plasma 
deposition  of  coatings  and  effective  ion  mixing  of  the  target  -  coating  interface  as  well  as 
modifying  the  properties  of  the  coating  itself  at  the  expense  of  ion  implantation. 

The  regime  of  high  -  concentration  implantation  is  also  easily  realized  due  to  choice  of  the 
corresponding  parameters  of  f,  t,  the  accelerating  voltage  and  the  distance  from  specimens. 
Increase  in  the  rate  of  the  retained  doze  withont  additional  heating  of  specimens  will  be  in  this 
case  attained  due  to  both  compensating  the  effect  of  ion  sputtering  of  a  specimen  surface  and  to 
additional  doping  of  the  surface  by  the  recoil  implantation . 

The  "Raduga-5"  may  be  used  as  an  ordinary  highly  powerful  implanter.  In  the  first  version 
this  may  be  realized  at  a  considerable  distance  from  the  source,  e.g.,  L  ~  1  m.  In  the  second 
version  the  problem  may  be  solved  by  cutting  off  the  plasma  stream,  e.g.,  by  a  magnetic  field. 
Obviously,  the  magnetic  field  does  not  considerably  influence  the  beam  of  accelerated  ions 
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TABLE  I.  Characteristics  of  the  different  Raduga  ion  sources. 


Parameter 

Raduga  1 

Raduga  2 

Raduga  3 

Raduga  4 

Cathode  material 

Any  conducting  material,  single  element  or  comp] 

ex 

Mean  ion 

1-3 

1-3 

1-3 

1-3 

charge  state 

Beam  diameter  (mm) 

up  to  100 

up  to  200 

up  to  200 

up  to  200 

Mean  ion  energy  (keV) 

up  to  180 

* 

up  to  160 

up  to  300 

up  to  300 

Pulse  length  (mks) 

20-500* 

50-400* 

100-400 

50-200 

Ion  current  (mean,  mA) 

up  to  25 

up  to  14 

up  to  40 

up  to  14 

Ion  current  (pulse,  A) 

0, 1-0,5 

0,2-0, 7 

up  to  1 

0,2-0, 7 

Pulse  rep.  rate  (pps) 

up  to  200 

up  to  50 

up  to  100 

up  to  100 

*  Plasma  is  generated  when  the  acceleratind  voktage  is  switched  off. 
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FIGURE  CAPTIONS 


Fig.  1 .  Schematic  view  of  the  plasma  filtering  system. 


Fig.  2.  Dependence  of  the  ion  current  to  the  collector  on  the  current  in  the  electrodes. 


Fig.  3.  Ratio  of  the  input  ion  current  in  the  plasma  filtering  system  to  the  output  ion  current  as  a 
function  of  the  bias  potential  on  the  shutters  at  different  angles  of  the  shutter  inclination  to  the 
direction  of  the  plasma  flux. 


Fig.  4. 


Electrode  current  1(A) 
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Plasma  source  ion  implantation  (PSII)  has  been  developed  as  an  alternative  technique  to 
circumvent  the  limitations  of  conventional  ion  implantation,  like  the  requirements  of  a 
complicated  target  handling  and  beam  raster  system  for  a  uniform  ion  implantation  of  3- 
dimensional  samples.  By  applying  negative  high  voltage  pulses,  positively  charged  ions  are 
accelerated  to  and  implanted  into  the  target.  The  plasma  sheath  expansion  and  ion  doses, 
calculated  with  a  theoretical  model,  are  in  good  agreement  with  the  experimentally  obtained 
data.  As  the  analytical  model  describes  sufficiently  the  experimental  data,  it  is  used  to  discuss 
design  specifications  for  PSII  systems.  Furthermore,  the  possibility  of  implanting  ions  into 
large,  3-dimensional  samples  is  discussed  based  on  the  predictions  of  the  analytical  model.  The 
results  of  nitrogen  PSII  treatment  of  planar  shaped  samples  are  shown.  Wear  and  hardness  of 
the  implanted  and  not  implanted  flat  steel  samples  with  a  high  chromium  content  were 
measured.  An  increased  hardness  as  well  as  a  decreased  wear  was  obtained. 


1.  Introduction 


Conventional  ion  implantation  can  be  used  for  modifying  surface  properties  of  different 
materials,  thereby  enhancing,  for  example,  corrosion  resistance,  hardness,  friction  coefficient, 
and  wear  behavior  [1],  However,  high  costs  and  a  sophisticated  system  for  target  movement 
when  implanting  3-dimensional  workpiece  limit  the  technological  applications.  PSII  was 
developed  as  an  alternative  technology  to  circumvent  these  restrictions  [2,3],  The  sample  in  the 
treatment  chamber  is  immersed  in  a  plasma  and  by  applying  negative  high  voltage  pulses  to  the 
sample,  positively  charged  ions  are  extracted  from  the  plasma  through  the  plasma  sheath  and 
implanted  into  the  surface. 

During  the  voltage  pulses  the  plasma  sheath,  separating  the  plasma  and  the  workpiece,  is 
expanding  and  the  implanted  ions  are  accelerated  through  this  sheath  to  the  target.  Various 
models  for  the  analytical  description  of  the  sheath  dynamics  are  shortly  discussed  in  section  2. 
Furthermore,  a  procedure  for  simulating  PSII  in  targets  with  rotational  symmetry  was 
developed  on  the  foundations  of  the  sheath  dynamic  [4],  In  section  3  simulation  results  for  the 
ion  fluxes  are  compared  with  ion  doses  measured  with  RBS.  PSII  treated  steels  with  a  high 
chromium  content  are  investigated  in  section  4.  It  is  well  known  that  their  wear  behavior  can 
be  indeed  improved  by  conventional  plasma  nitriding,  albeit  the  institution  of  chromium  nitride 
formation  at  temperatures  above  500°C  persistently  degrades  the  corrosion  resistance  [5,6], 
PSII  allows  an  efficient  nitriding  of  stainless  steels  at  temperatures  sufficiently  below  the 
formation  temperature  of  Cr-N  compounds,  leading  to  improved  tribological  properties  and 
retained  corrosion  resistance.  Finally,  conclusions  are  drawn  in  the  last  section. 

2.  Plasma  Sheath  Dynamics 

In  contrast  to  the  conventional  beam  line  ion  implantation,  the  current  of  the  implanted  ions 
cannot  be  measured  reliably  in  PSII.  However,  for  technological  application  information  about 


the  ion  flux,  the  angle  of  incidence  and  the  energy  distribution  of  the  implanted  ions  must  be 
available.  All  these  parameters  are  determined  by  the  dynamics  of  the  plasma  sheath  and  thus  a 
series  of  models  for  this  process  was  published  in  the  literature. 

A  first  approach  employs  an  ion  matrix  sheath  [7,8],  assuming  a  homogenous  plasma  of  density 
n0  with  cold  ions  in  the  plasma  and  thermal  electrons,  obeying  the  Boltzmann  distribution 

(1) 


ne  =  n0  exp 


H> 

kT. 


with  kTe  the  electron  temperature,  and  4>  the  spatially  varying  potential  in  the  plasma.  For 

/ 

voltage  rise  times  slower  than  the  inverse  electron  plasma  frequency  but  faster  than  the  inverse 
ion  plasma  frequency  l/a>j,  the  electrons  are  considered  inertialess.  The  width  of  the  initial  ion 
matrix  sheath  can  be  calculated  for  a  voltage  U0  and  planar  geometries  to 
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with  the  dielectric  constant  e0  and  the  elementary  charge  e.  This  width  is  the  minimum  distance 
of  the  plasma  sheath  edge  to  the  target  for  a  given  implantation  voltage  and  plasma  density, 
albeit  not  observable  for  implantation  voltages  larger  than  5  kV  due  to  rise  times  of  some 
microseconds  [9], 

Next,  models  describing  the  plasma-plasma  sheath-surface  [10,11]  were  modified  and  adapted 
for  the  context  of  PSII  [12,13],  However,  most  of  these  models  assume  a  current  to  the  wall 
supplied  only  by  the  sheath  edge  moving  into  the  plasma.  For  long  pulses  this  results  in  a  non¬ 
stationary  sheath  edge  in  contradiction  to  experimental  data. 

A  more  realistic  description  is  obtained  when  the  presheath,  where  the  ions  with  the  mass  m, 
are  accelerated  to  the  ion  acoustic  sound  or  Bohm’s  speed  vB  =(kTe/ml)v2,  is  included 
[14,15],  It  is  not  only  valid  for  a  stationary  sheath  edge  but  also  for  a  sheath  edge  moving  with 


constant  velocity  [16],  Again  the  ions  are  considered  as  cold  in  the  bulk  plasma,  whereas  the 
electrons  obey  Boltzmann’s  equation  (1).  The  ions  are  accelerated  in  the  presheath  to  the 
velocity  [17] 

(3) 

with  d  the  velocity  of  the  moving  sheath  edge.  Assuming  a  collision-free  transit  through  the 
sheath,  where  the  ions  are  accelerated  to  the  implantation  energy  eU0 ,  allows  the  description  of 
the  sheath  by  the  Child-Langmuir  law  [18],  For  planar  geometries  the  space  charge  limited 
current  can  be  written  as  / 
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This  current  is  supplied  by  the  ion  current  passing  the  moving  sheath  edge,  as  we  have  shown 
in  Ref  [17]: 
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The  pair  of  eqns.  (4)  and  (5)  can  be  solved  numerically  with  d(t)  describing  the  time  evolution 
of  the  plasma  sheath. 

Equation  (5)  is  strictly  valid  only  for  d  =  constant.  However,  the  characteristic  time  constant 
t  =  L/vb  of  a  presheath  with  a  length  L  [15]  is  large  compared  to  the  inverse  ion  plasma 
frequency,  so  that  the  presheath  can  be  assumed  to  be  constant.  As  the  plasma  sheath  is 
expanding  in  the  first  microseconds  with  supersonic  speed  even  for  voltages  of  a  few  kV  (see 
Fig.  1),  instead  of  the  model  of  a  variable  presheath,  described  here,  a  model  with  a  constant 
presheath  is  used  by  other  authors  [19],  There,  the  Child-Langmuir  current  in  eqn.  (4)  is 


supplied  by  ions  accelerated  to  \’b  in  the  presheath  independent  of  the  edge  velocity  and  by  the 
ions  uncovered  by  the  moving  sheath  edge: 


Jcl  =0.6 en0(d  +  vB) 


(6) 


Both  models  yield  sufficiently  precise  results  for  practical  applications  in  PSII  processes,  e.g. 
current  density  and  edge  velocity,  as  can  be  seen  in  Fig.  1 .  A  better  approximation  of  the 
sheath  dynamics  is  achieved  when  the  model  of  a  variable  presheath  is  changed  so  that  the  time 
constant  of  the  presheath  is  included,  leading  to  a  delayed  reaction  of  the  presheath  to  the 
moving  sheath  edge.  Here  work  is  in  progress  and  a  detailed  description  will  be  published  [20], 

Both  models  -  constant  presheath  and  variable  presheath  -  yield  a  stationary  solution  for  a  d.c. 
high  voltage,  which  describes  the  maximum  extent  of  the  sheath 
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giving  a  lower  limit  for  the  size  of  the  vacuum  chamber.  At  the  same  time,  the  parameter  space 
for  the  plasma  density  and  working  pressure  at  a  given  implantation  voltage  UQ  is 
restricted  [21,22],  leading  to  a  predetermined  sheath  expansion  and  ion  flux.  The  upper 
boundary  of  the  plasma  density  and,  correspondingly,  lower  limit  for  the  sheath  width  is  given 
by  the  maximum  allowed  electric  field  £tn“  without  arcing.  £max  is  approximately  10  kV/mm 
for  lower  pressures  [23],  depending  among  others  on  the  specific  geometry,  i.e.  field 
enhancement  at  edges  or  protrusions  from  the  workpiece,  and  surface  properties.  For  an  initial 
matrix  sheath  the  maximum  field  can  be  calculated  to  be 
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This  dielectric  breakdown  occurs  at  the  beginning  of  the  voltage  pulse,  as  the  sheath  width  is 
minimal  and  concurrently  the  electric  field  at  the  target  maximal.  When  the  plasma  parameters 


are  determined,  the  current  density  of  the  ions,  accelerated  from  the  plasma  sheath  edge,  can 
be  calculated  from  the  eqns.  (4)  and  (5).  For  the  determination  of  the  power  density  of  the  high 
voltage  pulser  this  current  density  has  to  be  multiplied  with  the  secondary  electron  coefficient 
[24,25]  and  the  total  area  of  the  workpiece  and  sample  holder. 

3.  Implantation  in  3-D  Workpieces 

Even  the  first  publications  on  PSII  elaborate  on  the  possibility  of  homogeneous  implantation  in 
3-dimensional  targets  [2,3],  For  sheath  widths  of  the  order  of  10  cm  and  inhomogeneities  in 
the  plasma  on  the  same  length  scdle,  this  implies  limitations  for  the  homogeneity  of 
implantations  in  large  targets  or  workpieces  with  curved  surfaces.  The  ions  are  accelerated 
perpendicular  from  the  sheath  edge,  an  equipotential  surface,  by  the  electric  field  in  the  sheath. 
The  field  lines  are  also  perpendicular  to  the  surface  for  metallic  workpieces.  During  the  transit 
through  the  sheath,  the  momentum  of  the  ions  increases,  resulting  in  a  trajectory  deviating 
from  curved  field  lines  near  the  surface  and  dose  inhomogeneities  on  the  target  surface  and 
different  angles  of  incidence  of  the  ions.  These  qualitative  considerations  were  validated  by 
experimental  investigations  for  different  test  pieces  [26,27],  Experiments  for  determining  the 
dose  distribution  are  very  complicated  so  that  computer  programs  for  simulating  the 
implantation  were  developed.  A  self-consistent  3-dimensional  calculation  of  the  sheath 
dynamics  and  ion  current  is  prohibitively  time  consuming  which  results  in  most  programs 
calculating  the  dose  distribution  only  for  the  case  of  an  initial  ion  matrix  sheath  [28,29],  The 
sheath  dynamic  for  planar  geometry,  as  given  by  eqns.  (4)  and  (5)  can  be  extended  for 
cylindrical  and  spherical  geometries  [2], 

The  dose  distribution  was  calculated  and  measured  with  Rutherford  backscattering 
spectroscopy  (RBS)  for  a  three  dimensional  object.  A  cylindrical  target  with  a  height  of  37  mm 
and  a  diameter  of  8  mm,  representing  an  M8  drill  was  used  in  the  experiment.  A  detailed 


description  of  the  simulation  procedure,  the  experimental  details,  and  results  is  presented 
in  [4], 

For  obtaining  the  dose  distribution  for  a  given  voltage  pulse,  the  sheath  expansion  is  calculated 
for  the  known  plasma  parameters  for  cylindrical  symmetry.  Then  the  contour  of  the  sheath 
edge,  corresponding  to  the  voltage  cp  =  0,  around  the  3-dimensional  workpiece  with  rotational 
symmetry  is  determined  by  solving  Poisson’s  equation  with  a  constant  charge  density  nc  in  the 
sheath,  using  a  set  of  finite-difference  equations  solved  with  the  successive  over-relaxtion 
method  [30],  This  density  nc  is  adjusted  so  that  the  sheath  width  obtained  in  the  simulation 
corresponds  with  the  width  calculated  with  the  theoretical  model  for  a  selected  region  with 
cylindrical  symmetry  around  the  target.  The  obtained  potential  and  field  distribution  is  then 
used  for  determining  ion  trajectories  and  the  angles  of  incidence  at  the  surface.  Finally,  the  flux 
distribution  is  calculated  from  these  trajectories  using  eqns.  (4)  and  (5).  Figure  2  shows  the 
calculated  edge  contour  around  a  target  with  cylindrical  symmetry,  representing  a  drill  on  a 
holder,  for  three  times  (/  =  (T,  3.5,  and  8  pis)  with  a  plasma  density  of  n0  -  6  x  1015  m 3  and  an 
electron  temperature  of  kTe  =  2  eV  for  a  10  ps  rectangular  voltage  pulse  of  U0  =  30  kV.  The 
calculated  flux  for  the  top  and  the  side  wall,  areas  1  and  2  -  5  in  Fig.  2,  respectively,  is 
depicted  in  Fig.  3.  For  the  conditions  in  our  PSII  experiments  it  is  sufficient  to  use  the  sheath 
expansion  at  three  discrete  times  during  the  voltage  pulse  for  obtaining  good  agreement 
between  calculated  and  measured  flux  distribution.  The  experimentally  observed  doses  vary  by 
50%. 

The  conditions  for  implantations  in  a  flat  target  with  an  8  mm  diameter  hole  are  totally 
different.  The  walls  of  the  hole,  as  expected  for  sheath  widths  of  several  cm,  are  nearly  not 
implanted  as  the  ions  enter  the  hole  nearly  vertical  and,  due  to  the  displacement  of  the  electric 
field  out  of  the  small  hole  and  the  large  momentum  at  the  end  of  the  trajectory,  are  hardly 


deflected. 


At  the  used  voltage  of  Ua  -  30  kV,  the  ion  trajectories  near  the  target  are  only  slightly- 
modified  when  a  constant  charge  density  is  used  instead  of  a  charge  density  according  to  the 
Child-Langmuir  law.  This  approximation  and  the  use  of  discrete  snapshots  instead  of  the  self- 
consistent  evolution  lead  to  a  substantially  reduced  computing  time.  It  is  possible  to  calculate 
the  flux  distribution  for  workpieces  with  cylindrical  symmetry  on  PCs  which  is  essential  for 
applications.  Convex  shaped  objects  can  be  implanted  by  PSII  for  tribological  applications  as 
the  measured  dose  variation  is  here  acceptable  in  contrast  to  semiconductor  applications. 

4.  Tribological  Properties  of  Steel 

Stainless  steels  with  their  excellent  corrosion  properties  have  a  very  broad  application  range.  It 
extends  from  food  and  chemical  industry  over  medicine  technology  into  the  private  sector.  The 
low  hardness  of  stainless  steels,  being  of  the  order  of  200  -  300  kp/mm2  and  the  large  wear  in 
abrasively  stressed  parts  hinder  the  use  of  these  steels  in  farther  areas,  which  could  be 
exploited  with  improved  tribological  properties  and  retained  corrosion  resistance. 

Apart  from  coating  methods  that  are  not  considered  here,  it  was  shown  that  hardness  and  wear 
of  stainless  steels  can  be  substantially  improved  with  plasma  nitriding  [6],  Unfortunately 
comparatively  high  temperatures  are  needed  in  this  process,  leading  to  the  formation  of 
chromium  nitrides  at  temperatures  above  450°C,  which  bind  chromium  from  the  solid  solution, 
and  therewith  lower  the  corrosion  resistance  [6,31],  Nitriding  of  stainless  steel  must  therefore 
occur  below  400°C,  which  can  be  done  with  PSII. 

Four  different  steels  with  a  high  chromium  content,  210Cr46,  X5CrNil8.10,  42CrMo4,  and 
X20C13,  were  treated  with  nitrogen  PSII  at  350°C  for  one  hour  and  a  dose  of  1018  cm'2.  All 
samples  were  treated  with  5  ps  pulses  at  a  repetition  rate  of  1  kHz  and  40  kV,  and  the 
temperature  was  checked  with  a  pyrometer.  Figure  4  shows  their  relative  hardness  increase, 
i.e.  hardness  after  implantation  relative  to  the  untreated  value,  as  measured  with  a 


nanoindenter.  As  can  be  seen,  a  substantial  hardness  increase  was  observed  for  all  samples  for 

depth  up  to  several  micrometer,  extending  below  the  maximum  depth  which  could  be 

measured  with  the  available  equipment.  The  observed  hardness  increase  concurs  with  a 

substantial  wear  reduction  of  the  treated  samples  as  shown  in  Fig.  5.  All  implantations  were 

repeated  with  the  same  dose  at  a  lower  repetition  rate,  yielding  a  lower  temperature  of  150°C. 

Hardness  as  well  as  wear  exhibited  no  significant  improvement  compared  to  the  untreated 

samples.  Glancing  angle  XRD  measurements  show  that  in  all  samples  only  a  small  fraction  of 

the  chromium  was  bound  as  CrN  [32],  Therewith,  in  spite  of  the  considerable  improvement  of 

£ 

the  tribological  properties,  the  high  corrosion  resistance  of  these  steels  remains  [33,34], 

A  several  pm  thick  very  hard  layer  is  found  in  nitrided  steels  below  the  implanted  surface 
region,  called  “expanded  austenite”,  depending  on  the  treatment  time  and  temperature  [35], 
Expanded  austenite  is  a  metastable  phase  with  nitrogen  supersaturation  in  a  solid  solution, 
leading  to  the  increased  hardness  and  reduced  wear.  A  more  detailed  overview  on  mechanisms 
for  expanded  austenite  formation  and  a  discussion  of  its  properties  can  be  found  in  the  work  of 
Williams  et  al.  [36],  For  the  samples  implanted  at  350°C  the  hardness  is  increased  for  depths 
up  to  several  micrometer  which  is  in  contrast  to  the  mean  projected  range  of  approximately 
20  nm  for  N  j  ions.  The  elevated  treatment  temperature  of  350°C  is  responsible  for  the 
enhanced  diffusion.  On  the  other  hand  at  150°C  the  diffusion  is  neglible,  resulting  in  no 
improvement  of  the  tribological  properties  for  these  samples. 

The  depth  of  the  “expanded  austenite”  layer  is  obviously  determined  by  the  incorporated 
amount  of  nitrogen  at  sufficiently  high  doses.  For  practical  applications  of  PSfl  the  most 
favorable  acceleration  voltage  has  still  to  be  found.  An  argument  for  a  voltage  as  high  as 
possible  (»  30  kV)  is  the  maximum  in  the  sputter  yield  near  an  energy  of  1.5  keV  [37],  which 
leads  to  an  increased  material  removal  and  reduced  retained  dose.  On  the  other  hand  higher 


plasma  densities  can  be  used  at  2  kV  which  reduces  the  sheath  width  and  enables  the 
implantation  of  smaller  structures  than  at  30  kV  [22], 

5.  Conclusions 

PSII  has  several  advantages  compared  to  conventional  beam  line  implantation,  e.g.  less 
expensive  setup  and  shorter  implantation  times.  Substantial  wear  reduction  and  hardness 
increase  was  obtained  with  PSII  at  elevated  temperatures  for  steels  with  a  high  chromium 
content.  No  complicated  target  handling  system  is  necessary  for  implantation  of  three 
dimensional  workpieces,  although  implantation  in  small  holes,  especially  in  the  side  walls  is  still 
not  feasible.  The  maximum  surface  area  is  limited  by  the  size  and  hence  the  peak  current  of  the 
pulse  generator.  For  higher  voltages  and  larger  areas  local  implantation  and  target 
manipulation  may  become  again  essential. 


References 


1  G.  Deamaley,  Surf.  Coat.  Technol.,  65  (1994)  1. 

2  J.  Conrad,  J.L.  Radtke,  R.A.  Dodd,  F.J.  Worzala,  and  N.C.  Tran,  J.  Appl.  Phys.,  62 
(1987)4591. 

3  J.  Tendys,  I.J.  Donnelly,  M.J.  Kenny,  and  J.T.A.  Pollock,  Appl.  Phys.  Lett.,  53  (1988) 
2143. 

4  S.  Mandl,  N.P.  Barradas,  J.  Brutscher,  R.  Giinzel,  and  W.  Moller,  Comparison  of 
Measured  and  Calculated  Dose  for  Plasma  Source  Ion  Implantation  in  3-D  Objects ,  to 
be  published. 

5  P.A.  Doarnley,  A.  Namvar,  G.C.A.  Hibbort,  and  T.  Bell,  in  E.  Broszeit,  W.D.  Munz,  H. 
Oechsner,  K.-T.  Rie,  and  G.K.  Wolf  (eds),  Proc.  1st  Int.  Conf.  on  Plasma  Surface 
Engineering,  Garmisch-Partenkirchen,  Sept.  1988,  Vol.  1,  Deutsche  Gesellschaft  fur 
Metallkunde,  Oberursel,  1989,  p.  219. 

6  E.  Rolinski,  Surf.  Eng.  3  (1987)  35. 

7  V.  Vahedi,  M.A.  Liebermann,  M.V.  Alves,  J.P.  Verboncoeur,  and  C.K.  Birdsall,  J.  Appl. 
Phys.,  69  (1991)  2008 

8  T.E.  Sheridan,  J.  Appl.  Phys.,  74  (1993)  4903. 

9  J.  Brutscher,  Rev.  Sci.  Instrum .,  (1996)  in  press. 

10  The  Collected  Works  of  Irving  Langmuir,  edited  by  C.G.  Smits,  Pergamon,  New  York, 
1961,  Vol.  4,  pp.  1-98. 

1 1  M.  Widner,  I.  Alexeff,  W.D.  Jones,  and  K.E.  Lonngren,  Phys.  Fluids,  13  (1970)  2532. 

12  M.  Shamim,  J.T.  Scheuer,  and  J.R.  Conrad,  J.  Appl.  Phys.,  69  (1991)  2904. 

13  M.A.  Lieberman,  J.  Appl.  Phys.,  66  (1989)  2926. 

14  D.  Bohm,  The  Characteristics  of  Electrical  Discharges  in  Magnetic  Fields,  ed.  A.  Guthry 
and  R.K.  Wakerling,  MacGraw-Hill,  New  York,  1949,  p.  77. 


15 


K.-U.  Riemann,  J.  Phys.  D:  Appl.  Phys.,  24  (1991)  493. 

16  F.  Chen,  Introduction  to  Plasma  Physics,  Plenum,  New  York,  1974,  p.  244. 

17  J.  Brutscher,  R.  Giinzel,  and  W.  Moller,  Plasma  Sources  Sci.  Techno/.,  5  (1996)  54. 

18  C  D.  Child,  Phys.  Rev.,  32  (1911)  492. 

19  W.  En  and  N.W.  Cheung,  J.  Vac.  Sci.  Technol.,  B  12  (1994)  833. 

20  S.  Mandl,  J.  Brutscher,  R.  Giinzel,  and  W.  Moller,  Sheath  and  Presheath  Dynamics  in 
Plasma  Immersion  Ion  Implantation,  to  be  published. 

21  S.  Mandl,  J.  Brutscher,  R.  Giinzel,  and  W.  Moller,  E-MRS  Spring  Meeting  1995 , 
StraBbourg,  France. 

22  S.  Mandl,  J.  Brutscher,  R.  Giinzel,  and  W.  Moller,  J.  Vac.  Sci.  Technol.,  in  press. 

23  J.  Brutscher,  Ph  D.  Thesis,  Johann  Wolfgang  Goethe-Universitat  Frankfurt/M.,  1993. 

24  G.A.  Collins,  R.  Hutchings,  K.T.  Short,  J.  Tendys,  and  C.H.  Van  Der  Valk,  9th  Int. 
Conf.  on  Surface  Modification  of  Metals  by  Ion  Beams,  San  Sebastian,  Spain,  1995,  to 
be  published  in  Surf  Coat.  Technol. 

25  J.P.  Blanchard,  J.  Vac.  Sci.  Technol.,  B  12  (1994)  910. 

26  J.  Hartmann,  W.Ensinger,  R.W.  Thomae,  H.  Bender,  A.  Koniger,  B.  Stritzker,  and  B. 
Rauschenbach,  E-MRS  Spring  Meeting  1995,  Strasbourg,  France. 

27  S.M.  Malik,  D.E.  Muller,  K.  Sridharan,  R.P.  Fetherston,  N.  Tran,  and  J.  Conrad,  J.  Appl. 
Phys.,  77(1995)  1015. 

28  T.E.  Sheridan,  Appl.  Phys.  Lett.,  68  (1996)  1918. 

29  M.W.  Kissick,  M.P.  Hong,  M.M.  Shamin,  J.D.  Callen,  J.R.  Conrad,  and  G.A.  Emmert,  J. 
Appl.  Phys.,  76  (1994)  7616. 

30  Los  Alamos  Accelerator  Code  Group,  The  Poisson/Superfish  group  of  codes,  LA-UR- 
87-1 15,  LANL  (1987). 

Z.L.  Zhang  and  T.  Bell,  Surf.  Eng.,  1  (1985)  131. 


31 


32 


C  Blawert,  private  communications. 

33  ME,  Chabica,  O.L.  Williamson,  R.  Wei,  and  P.J.  Wilbur,  Surf.  Coat.  Technol.,  51 
(1992)  24. 

34  M.  Samandi,  B.A.  Shedden,  D.I.  Smith,  G.A.  Collins,  R.  Hutchings,  and  J.  Tendys,  Surf. 
Coal.  Technol.,  59  (1993)  261. 

35  M.  Samandi,  B.A.  Shedden,  T.  Bell,  G.A.  Collins,  R.  Hutchings,  and  J.  Tendys,  J.  Vac. 
Sci.  Technol.,  B  12  (1994)  935. 

36  ^  O.L.  Williamson,  0.  Ozturk,  R.  Wei,  and  J.P.  Wilbur,  Surf.  Coat.  Technol.,  65  (1994) 

t 

15- 

37  J.  Bohdansky,  Phys.  Res.,  32  (1984)  587. 


Figure  Captions 


Figure  1:  Voltage  pulse  shape  and  sheath  expansion  for  a  planar  target.  The  simulation  results 
with  the  models  for  variable  [17]  and  constant  [19]  presheath  are  shown  for  comparison 
(plasma  density  n0  =  1.5  *  1010  cm'5,  electron  temperature  kTe  -  2  eV). 

Figure  2:  Sheath  contour  around  an  8  mm  cylinder,  representing  a  drill,  for  three  different 
times  0+,  3.5,  and  8  ps  after  the  start  of  the  pulse.  The  numbers  1  to  5  indicate  the  positions 
where  the  dose  was  measured  with  1  at  the  top  and  2  -  5  at  the  side  wall  [4], 

Figure  3:  Calculated  flux  and  dose  measured  with  Rutherford  backscattering  spectroscopy  for 
different  points  along  the  surface  of  the  cylinder  depicted  in  Fig.  2  [4], 

Figure  4:  Relative  hardness  increase  for  different  steels  after  1  hour  treatment  at  an  applied 
voltage  of  40  kV. 

Figure  5:  Specific  wear  reduction  with  PSII  treatment.  The  wears  test  were  performed  with  an 
oscillating  ball-on-disc  tribometer,  and  the  volume  of  the  wear  tracks  is  normalized  to  the  total 
distance.  The  hatched  column  of  each  pair  corresponds  to  the  unimplanted  and  the  unhatched 
column  to  the  implanted  state  (Note  the  logarithmic  scale). 
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Abstract 

The  equipment  for  metal  ion  beam  enhanced  deposition  is  introduced,  this  is  composed  of  an  all- 
element  gas-solid  ion  source  and  low  energvion  sputtering  source.  The  process  of  metal  ion  beam 
enhanced  deposition  and  multi-ion  beam  enhanced  deposition  was  studied,for  examples,  pure  Ag 
film  on  Si  plate  was  prepared  by  Ag  ion  beam  enhanced  deposition  ,  corrosion  resistant  film 
(Ti,M)N  was  prepared  by  N  ion  and  (M)  metal  ion  beam  enhanced  deposition  and  metal-MoS2  films 
was  studied. 

the  results  show  that  the  pure  and  alloy  films  can  be  prepared  on  varieous  substrates  at  low 
temperature  and  the  adhesion  of  the  films  to  substrates  is  higher  because  of  a  wide  mixed  interface  . 
A  model  of  multicomponent  ion  beam  enhanced  deposition  was  presented  to  simulate  the 
deposition  procedure,  the  relationship  between  the  calculated  composition  of  the  film  and  the 
atomic  arrival  ratio  has  been  established,  the  simulated  composition  profile  of  film  is  in  good 
agreement  with  experimental  results 

1.  Introduction 

Ion  beam  enhanced  deposition  (D3ED),  which  is  also  called  ion  beam  assisted 
deposition,  the  bombardment  of  a  thin  film  with  a  beam  of  energetic  particles 
during  deposition,  provides  a  powerful  technique  for  modifying  the  microstructure 
and  properties  of  thin  films  and  coatings.  The  earliest  description  of  an  ion  beam 
enhanced  deposition  system  appears  to  be  in  1976  [1]-  The  basic  motivation  or 
development  of  the  LBED  process  in  the  need  for  independent  control  of  the  major 
process  variables-vapour  flux.,  ion  flux,  ion  energy,  system  pressure  and  substrate 
temperature.^]  At  present,  by  combining  evaporation  or  sputtering  .process  with  ion 
beam  implanting  process,  a  variety  of  EBED  processes  were  developed, which  have  the 
advantages  of  both  processes.  High  quality  films  and  coatings  with  high  adhesion  can 
be  prepared  with  it. [3] 

The  so  called  all-element  ion  beam  enhanced  deposition  system  here  is  the 
combination  of  all-element  ion  implanter  with  ion  beam  sputtering  source.  Its 
structure  is  shown  in  Fig.l.  The  all-element  ion  implanter  is  capable  of  extracting  gas 
or  metal  ion  beams  simultaneously  or  seperately,  its  extracting  voltage  is  about  10-80 
kV,  the  ion  current  for  gas  and  metal  is  about  0.25  A  and  0.5 A  respectively.  The 
implanter  works  in  pulse  mode,  the  repetion  frequence  of  which  is  10,20  Hz,  and  the 
pulse  width  is  0.4  ms.  By  combination  with  ion  beam  sputtering  source,  the  system 
not  only  have  the  fuction  of  traditional  process  of  gas  ion  beam  enhanced  deposition 
but  also  have  the  function  of  metal  ion  beam  enhanced  deposition  and  gas-metal 
multi-ion  beam  enhanced  deposition  processes. 
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Recently,  the  nanometer  magnetic  film,  metal-MoS2  composite  films, 
multicomponent  alloy  films  of  TiN  and  the  metallization  of  diamond  for  preparing 
heat  sink  materials  were  investigated. 


Fig.  1  The  MIBED  equipment ,  including  the  all-element  gas-solid 
ion  implantation  system,  low  energy  sputtering  deposition 
system,  vacuum  system  and  rotating  water-cooled  work  table 


2.  Application  of  metal  ion  beam  enhanced  deposition 

2. 1  Metal-MoS2  films 

Sputtered  M0S2  films  are  widely  used  in  vacuum  and  spacecraft  as  a  solid 
lubricant,  but  in  many  cases  their  wear  life  and  moisture  resistance  are  insufficient. 
Many  studies  on  overcoming  these  disadvantages  were  completed,  the  matal  (  Aii  or 
Ni)  co-deposition  with  M0S2  can  not  only  improve  its  tribological  properties,  but  also 
enhance  its  moisture  resistance;  our  recent  research  indicated  that  modification  of 
M0S2  film  by  metal  ion  implantation  (  Ag  ion  implantation  or  Mo-S  simultanneous 
ion  implantation  )  is  a  effective  way  to  improve  properties,  in  fact,  the  wear  life  and 
moisture  resistance  were  increased  by  a  factor  over  8  times  because  implanted  Ag 
impedes  the  oxidation  of  of  sputtered  M0S2  films  in  a  humid  atmosphere  and  Mo-S 
implanted  can  elevate  the  S/Mo  ratio  of  sputtered  M0S2  film  to  1.8. 

In  consideration  of  the  effects  of  metal  elements,  we  design  a  new  metal-MoS2 
films  solid  lubricant,  for  example,  Ag-MoS2  or  (TiMo)N-MoS2  solid  lubricant 
deposited  on  bearing  steel  9Crl8.  It  is  well  known  that  Ag  element  is  insoluble  in  Fe 
substrate  and  the  Ag  film  is  difficultly  deposited  on  bearing  steel  at  low  or  room 
temperature.In  this  paper,  the  Ag  film  was  firstly  deposited  on  9Cr  18  steel  by  Ag 
ion  beam  enhanced  deposition  ,the  acceleration  voltage  of  Ag  ion  was  40kV,  the  Ag 
atom  sputtered  by  Ar  ion  , whose  acceleration  voltage  was  about  2k V  and  beam 
current  was  about  200mA;  then  the  M0S2  film  was  deposited  with  JS-450  rf 
sputtering  system  under  following  conditions:  target-substrate  distance  4  cm,  Ar 
pressure  6.7  x  10  *4  Pa,  rf.  voltage  2.5kV,  d.c.  bias  voltage  80V,  the  thickness  of  the 
deposited  film  ranged  from  0.8  to  1  pm;  at  last  the  films  was  modified  by  Ag  ion 
implantation  at  dose  2  x  1016cm'2.  The  microstructure  is  shown  in  Fig.  2,.  The 
tribological  test  in  vacuum  or  air  conditions  express  that  the  wear  life  of  M0S2  film 
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modified  by  Ag  ion  implantation  were  increased  6-8  times;  the  wear  life  of  Ag- 
M0S2  films  modified  by  Ag  ion  implantation  was  increased  over  20  times  compared 
with  that  of  as-deposited  M0S2  film. 


Fig.  2  cross-sectional  micrograph  (8000  x )  and  EDS  of  Ag-MoSz  films 
modified  by  Ag  ion  implantation 


2.2  Ag  film  deposited  by  MIBED 

Silicon  plates  are  widely  used  in  electronic  and  sensor  industry,  the  sealing 
technique  between  Si  plates  became  a  hot  project.  We  try  to  do  a  test  to  mount  a 
sensor  at  low  temperature  550-750  ‘C.  Metal  ion  beam  enhanced  deposition  was  used 
to  prepare  Ag  film  on  Si  plate  and  sealing  Ag  -Ag  facing  each  other  at  different 
temperature  in  vacuum  . 

Pure  Ag  film  was  deposited  on  Si  substrate  by  Ag  ion  beam  enhanced 
deposition,  the  accelerating  voltage  of  Ag  ion  was  50  kV,  beam  current  was  0.3  A 
per  pulse;  the  Ar  ion  beam  accelerating  voltage  of  sputtering  source  was  1.8  kV  ,  its 
current  was  180  mA.The  thickness  was  about  0.5pm. 

The  adhesion  of  Ag  film  to  Si  substrate  was  measured  by  CRS-01  scratch  tester, 
the  critical  load  shown  in  Fig.  3  is  as  high  as  1500  gf,  the  analyses  results  of  AES 
shown  in  Fig.4  and  X-ray  shown  in  Fig. 5  express  that  there  is  a  mixed  interface  of 
about  500  A  between  the  film  and  the  substrate,  which  is  the  main  factor  contributing 
to  the  enhanced  adhesion.  The  sealing  stress  of  samples  sealing  at  different 
temperature  500,600,700,800'C  were  tested  and  is  shown  in  Fig.6.  The  best  process 
can  be  selected  from  above  tests. 


Fig. 3  the  adhesion  of  Ag  film  to  substrate  Fig.4  composition  profile  of  AES  analysis 

measured  by  CRS-0 1  scratch  tester,  critical  mixed  interface  about  500 A 

load  was  about  1500  gf 
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Fig.  6  the  sealing  stress  analyses  of 


Fig. 5  the  analysis  result  of  X-ray 
samples 


at  different  temperature 


2.3  Multi-ion  beam  enhanced  deposition 

As  the  gas-solid  source  can  generate  gas  ions  and  metal  ions  simultaneously, 
when  both  the  gas  ions  and  metal  ions  bombard  the  specimens  while  a  film  is  being 
formed  on  the  specimens  by  ion  sputtering,  a  multielement  film  is  prepared  by  multi¬ 
ion  beam  enhanced  deposition.  The  metal  ions, gas  ions  and  the  sputtering  target  can 
be  chosen  as  required.  Different  films  for  different  purposes  can  therefore  be  prepared 
in  this  way. 

To  prepare  corrosion-resistant  and  wear-  resistant  films,  both  an  N  ion  beam 
and  a  metal  ion  beam  was  used  to  bombard  the  specimen  during  Ti  film  deposition  by 
ion  sputtering.  The  ratio  of  N  ions  to  metal  ions  can  be  regulated  by  the  voltage  of 
the  gas  arc  and  metal  arc.  In  this  paper  TiN,  (TiMo)N,  (TiCr)N,  (TiZr)N,  (TiY)N 
and  (TiNi)N  were  prepared,  the  content  of  metal  ion  in  films  was  controlled  as  less 
as  10%,  the  analyses  results  of  XRD  express  that  the  alloy  elements  were  all  soluble 
in  crystal  of  TiN  as  shown  as  Fig. 7. 


Fig.7  XRD  analyses  results 

Table  1  lists  the  hardness,  adhesion  and  corrosion  resistance  of  films,  the 
hardness  were  measured  by  DMH-21S  micro  hardness  tester,  loading  5gf;  the 
adhesion  of  films  was  measured  by  a  CSR-01  scratch  tester,  the  loading  speed  used 
was  5000  gf  min-1’  the  anode  polarization  of  films  in  0.5  M  H2SO4  were  tested  . 

Table  1  the  properties  of  hardness, adhesion  and  corrosion  resistance 


Films 

Hardness 

Critical  load 

gf 

Self-corrosion  E 

mV 

Self-corrosion  I 

p  A/cm  2 

TiN 

1620 

2150 

-141.4 

1.01 

(TiMo)N 

1580 

3150 

-300.42 

1.95 

(TiCr)N 

1540 

2350 

304.8 

0.04 

(TiZr)N 

1560 

2400 

279.4 

0.13 

(TiY)N 

1490 

2100 

306.0 

0.07 

(TiNi)N 

1510 

2500 

-176.5 

3.21 
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It  can  be  seen  that  there  are  different  behaviors  of  films  ,  in  which,  the  adhesion  of 
film  deposited  by  multi-ion  beam  enhanced  deposition  is  superior  to  that  of  film 
deposited  by  BED,  specially,  (TiMo)N  is  of  the  best  adhesion  to  substrate  because 
of  Mo  ion  with  higher  charge  and  energy  and  because  the  radius  ratio  of  nitrogen  Vs 
Mo  is  equivalent  to  that  of  nitrogen  Vs  Ti  ;  the  films  of  (TiCr)N,  (TiZr)N,(TiY)N 
have  better  corrosion  resistance  in  0.5  M  H2SO4  solution. 

The  process  of  multi  ion  beam  enhanced  deposition  is  a  multifuctional  process 
which  makes  it  possible  to  prepare  films  with  special  properties  and  is  widely  used  to 
workpieces  with  low  tempering  temperature. 


3.  Dynamic  Monte  Carlo  simulation  for  multi-ion  beam  enhanced  deposition 


The  process  of  two  kinds  of  ions  implanting  into  the  deposition  film  need  to  be 
considered  in  view  of  understanding  full  and  effectively  controlling  the  process  of 
multi-ion  beam  enhanced  deposition.  In  this  paper,  a  dynamic  Monte  Carlo  simulation 
program  is  introduced  and  a  model  of  dynamic  target  is  used  to  simulate  the 
concentration  change  of  the  target. 

The  multi-ion  beam  enhanced  deposition  process  is  actually  a  simultaneous  and 
continuous  process  of  implantation  and  deposition.  To  simulate  the  process, 
implantation  and  deposition  are  treated  as  being  alternatively  carried  out,  and  the 
deposition  film  is  subdivided  into  layers  thin  enough  to  approximate  to  the  actual 
continuous  process.  The  number  of  implanting  ions  of  one  group  are  decided 
according  to  the  deposition  rate  and  ion  dose.  The  effect  of  gas  absorption  on  the  film 
growth  is  considered  also  in  the  model.  The  sticking  speed  of  nitrogen  molecular  on 
the  substrate  surface  is  evaluated  by  using  the  following  formula: 


P  = 


6  a 


1.  2 


2  ti  M  K  T 


•  n  h  ki •  p  • ' 


where  5  is  a  constant,  a  is  the  lattice  constant  of  substrate,  r|hltl  is  the  coefficient 
of  gas  molecular  sticking  to  the  (hkl)  facet,  T  is  gas  temperature,  K  is  Boltzmen 
constant,  M  is  gas  mars.  Under  our  experiment  condition,  the  time  order  for  covering 
a  half  of  the  substrate  surface  is  estimated  by  10  -2  sec.  There  fore,  the  sticking  speed 
is  comparatively  fast  and  the  nitrogen  content  of  the  film  mainly  come  from  gas 
surface  adsorption,  the  part  provided  by  N  +  ion  implantation  is  small  comparatively. 

Like  wise,  the  substrate  was  also  subdivided  into  layers  to  compute  the 
constituents  across  the  interface.  The  density  and  content  of  one  layer  is  rearranged 
according  to  the  number  of  every  kinds  of  atoms  in  the  layer  after  the  simulation  of 
ion  implantation  into  one  layer  is  finished. 

Fig.  8  shows  the  program  organization  of  the  simulation  of  N,  Mo  ions 
implanting  into  Ti  film  deposition  onto  Fe  substrate.  The  parameters  are  present 
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according  to  the  experiment  condition  .  Accelerating  voltage  of  ion  beam  is  40  k\ , 
the  film  and  the  target  are  subdivided  into  layer  of  4nm  thickness.  12  psedoprojectiles 
per  layer  for  Mo  ion  and  N  ion  each  for  a  total  dose  of  1.2  x  10^  ions  cm'-  each  in 
the  study.  The  deposition  rate  of  Ti  atoms  is  100  A  min'l  The  ratios  of  different  ion 
charge  state  of  Mo  element  and  N  element  are 

Mo  +  :  Mo^  +  :  Mo^  +  :  Mo4  +  =  2  :6  :3  :1 
N  + :  N2  +  =8:4 

Fig.  9  shows  the  simulation  results  of  profile  content  distribution,  the  amount  of 
N  in  the  film  is  relatively  high,  which  is  in  agreement  with  the  analysis  result  of 
experiment.  It  can  be  also  seen  that  across  the  interface  there  are  quotation  of  N  atoms 
and  Mo  atoms,  it  results  from  the  cascade  collision  between  incident  ions  and  target 
atoms  leading  to  the  mixing  between  film  and  substrate. 


Fig. 8  program  organization  Fig.9  simulation  results  and  AES  analysis 

of  (TiMo)N  film 

simulation:  ....N,  — Fe, - Mo,  —  Ti 

AES  :  :  o  Ti,  A  Fe,  •  Mo 


4.  Conclusion 

The  equipment  for  and  process  of  metal  ion  beam  enhanced  deposition  is 
multifunctional  and  efficiently  used  to  prepare  films  with  special  properties,  in  which 
the  wear  life  of  metal-MoSl  solid  lubricant  was  increased  over  20  times  compared 
with  that  of  rf.deposited  M0S2  film;  the  Ag  film  deposited  by  Ag  ion  beam  enhanced 
deposition  was  used  for  mounting  technique  of  sensor,  its  sealing  stress  can  be  get  to 
8  MPa;  a  model  of  multi  ion  beam  deposition  was  presented  to  simulate  the 
deposition  procedure,  the  relationship  between  the  calculated  composition  of  the  film 
and  the  atomic  arrival  ratio  has  been  established,  the  composition  profile  obtained  by 
computer  simulation  is  in  good  agreement  with  the  experimental  results,  this  is 
significant  for  ion  beam  processing  of  film  composition  and  structure. 
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Abstract 

A  series  of  magnetic  iron  nitride  films  in  nanometer  scale  were  synthesized  by  Ion 
Beam  Enhanced  Deposition(IB ED)  method.  The  composition  and  structure  of  the  Fe-N 
films  were  assessed  by  TED,TEM  and  XRD,  the  magnetic  properties  were  verified 
using  Vibrating  Sample  Magnetometer(VMS)..  The  results  shown  that  it  was  possible 
to  prepare  films  containing  a"-Fei6N2  phase  which  possesses  a  high  Ms  value  by  IB  ED. 
The  films  consist  of  a-Fe,  a'-FeisN::,  y’-Fe-iN  and  £-Fe2,3N  phase  or  mixture  of  these 
phases  under  different  deposition  parameters,  the  magnetic  properties  dramatically 
depended  on  the  phase  structure  and  composition  of  films. 


1.  Introduction 

In  recent  years.  Ion  Beam  Enhanced  Deposition  (IBED)  is  widely  used  in  the  preparation 
of  magnetic  films  as  a  new  surface  modification  and  optimization  technique  in  which  ion 
implantation  and  film  deposition  were  combined  perfectly.  IBED  method  has  several 
advantages  to  synthesize  films,  namely  the  independent  control  of  atom  deposition  and  ion 
implantation  parameters,  the  possibility  of  forming  thick  film  of  consistent  composition;  the 
possibility  of  growing  film  at  room  temperature  and  the  possibility  of  forming  metastable 
phase  [1]. 

Iron  nitride  films  present  several  magnetic  properties  that  make  them  good  candidates  of 
magnetic  recording  heads  and  media.  In  the  Fe-N  system,  there  exist  many  phases  including 
y -austenite,  a’-martensite,  a'-Fe^N^  y'-Fe4N,  e-Fe^sN  and  T|-Fe2N.  Among  these,  ot'- 
martensite,  y'-F^N  and  s-Fe^sN  exhibit  ferromagnetism  at  room  temperature,  especially, 
the  a"-Fei6N2  nitride  displays  a  saturation  magnetization  more  higher  than  pure  iron.  Besides 
the  magnetic  properties  the  iron-nitrides  exhibit  also  good  corrosion  durability,  surface 
hardness  and  wear  resistance  [2,3].  Some  work  have  been  done  on  the  magnetic  properties  of 
iron  nitride  films  prepared  by  the  IBED  technique[l, 4,5,6].  For  different  IBED  equipment, 
the  relationship  between  deposition  parameters  and  phase  formation  and  the  influence  of 
phase  formation  on  magnetic  properties  is  quite  different.  Almost  all  IBED  equipment  have 
ion  sources  to  extract  N-ions.  If  the  energy  and  the  dose  of  N-ions  extracted  from  ion 
sources  are  controlled  appropriately,  metastable  compounds  which  can  not  be  produced  by 
thermochemical  processes  can  be  synthesized.  Few  researcher,  however,  have  studied  high- 
energy(>10kV)  N-ion  bombardment  in  the  processing  of  Fe-N  films  by  IBED. 

We  report  here  on  the  preparation  of  a  series  of  nanometer  scale  magnetic  iron  nitride  film 
by  using  an  all-element  IBED  system  which  possesses  an  ion  source  of  high  extraction 
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voltage.  The  influence  of  N-ion  dose  and  substrate  temperature  on  the  phase  formation  were 
investigated  and  the  magnetic  properties  of  the  film  were  measured. 

2.  Experimental  Details 

Experiments  were  performed  in  a  IB  ED  system  consisting  of  an  all  element  gas-solid  ion 
source,  low  energy  ion  sputter  source,  vacuum  system  and  rotating  water-cooled  work  table 
etc.,  as  shown  in  Fig.  1  [7].  To  prepare  the  films,  an  energetic  Ar  ion  beam  extracted  from 
sputter  source  bombards  the  iron  sputtering  target,  and  the  Fe  atoms  deposit  onto  the  surface 
of  substrate.  Simultaneously,  the  N-ions  extracted  from  the  ion  source  bombard  the  deposited 
iron  film. 

Fig.  1 .  The  IBED  system  ,  including  an  all  element  gas-solid 
ion  source, a  low  energy  ion  sputter  source,  vacuum  system 
and  rotating  water-cooled  work  table. 

The  extraction  voltage  of  the  ion  source  is  about  10-80  KV,  the  N-ion  current  is  about  0.1- 
0.2  jlx  A,  the  pulse  repetition  is  10  Hz,  the  pulse  width  is  400  p  s.  The  accelerating  voltage  of 
the  low  energy  ion  sputtering  source  is  1.2-2  KV,  the  beam  current  is  100  mA,  the  deposition 
rate  is  about  0.15  As’1  for  Fe  atom. 

A  base  pressure  of  8  x  10  "3  Pa  of  the  vacuum  system  was  achieved  by  using  a 
turbomolecular  pump.  The  partial  pressure  of  N2  gas  (99.999%)  was  2  x  10'2  Pa  with  the  ion 
source  operating,  the  purity  of  the  iron  target  is  99.95%.  Film  thickness  is  700-1000  A. 
Table  1  lists  the  experimental  conditions  for  sample  preparation. 

The  single  crystal  Si  and  GaAs  wrafer  w^ere  selected  as  substrates.  Before  the  deposition, 
the  substrates  was  bombarded  by  the  N-ions  for  about  10  minute  in  order  to  clear  the 
impurity7  on  the  substrate  surface. 

The  structure  and  composition  of  the  film  were  assessed  by  X-ray  diffraction  (XRD), 
transmission  electron  diffraction  (TED)  and  transmission  electron  micrographs  (TEM).  The 
magnetic  properties  were  studied  at  5  KOe  using  vibrating  sample  magnetometer(VMS) 
which  was  calibrated  with  a  standard  nickel  sample 

TABLE  1  Experimental  conditions  for  film  preparation 


Sample 

No. 

Substrate 

N-ion  Energy 

(keV) 

N-ion  Dose 

(  1017  cm'2  h'1 ) 

Temperature 

CC) 

Film  Thickness 

(A) 

1 

Si 

0 

0 

RT 

700 

2 

Si 

40 

0.38 

RT 

700 

3 

Si 

40 

1.3 

RT 

700 

4 

Si 

40 

2.5 

RT 

700 

5 

Glass 

40 

1.4 

250 

700 

6 

GaAs 

15 

2.5 

300 

1000 

2 


3.  Results  and  Discussion 


3.1  Phase 

3.1.1  The  Phase  Formation  at  Room  Temperature 

Fig. 2  shows  the  XRD  data  and  Fig. 3  indicates  TED  patterns  and  TEM  micrographs  taken 
at  room  temperature  (RT)  for  the  four  films  under  different  doses  of  N-ion(Lv2).Not  all  the 
phases  seen  with  XRD  are  also  seen  with  TED.  This  shows  that  XRD  or  TED  alone 
sometimes  is  not  sensitive  enough  for  phase  identification  and  may  explain  some  of  the 
confusion  in  previous  works  attempting  to  clarify  the  magnetic  properties  .of  Fe-N  films.  At 
1x2=0,  XRD  shows  that  a-Fe  with  a  (110)  preferential  orientation  is  observed.  With  the 
bombarding  of  N-ions  .  iron  nitrides  were  found  in  the  film.  At  1x2=33  *  1017  cnr2hl?  the 
diffraction  data  show  two  phases  a-Fe  and  a'-Fe^N:,  and  possibly  from  the  very  weak 
(103).  (110)  lines  of  a  very  small  amount  of  s-Fe^N  phase.  The  two  x-ray  diffraction 
peaks  present  at  the  2  6  position  of  28.5°and  42.7°  (Fig. 2  b)  correspond  to  the  (002)  and 
(220)  family  planes  of  a"~Fei6N2  phase,  a  rough  estimation  from  XRD  intensities  indicate 
that  the  fraction  of  aH-Fei6N2  phase  in  the  film  is  over  40  vol%.  At  1*2=  1.3  x  lO^cnr-hr1  ■ 
the  phases  in  the  sample  were  mainly  s-FezsN  with  small  amount  of  a-Fe  phase.  At  Iv?-2.6 
x  1017  cm-2  hr1,  the  dominant  phase  is  the  lattice-expanded  s~Fe2.3N  with  the  increasing 
nitrogen  content,  the  retained  a-Fe  phase  is  still  observed. 


Fig.2.  X-ray  diffraction  data  for  the  Fe-N  films  formed  at  room  temperature(RT)  (a)  1x2=0.  (b)Ix2=0.3S  x 
lO^cm^h*1  (c)  Lv2=l .3  x  10^7cm~2lN  (d)  Lv2=2.5  x  1017cm'2lr1  (e)  additional  N-ion  implantation  of  (d) 

with  dose  1.3  x  1017cnr2 


Fig. 3.  TED  electron  diffraction  patterns  and  TEM  micrographys  for  the  Fe-N 
films  formed  at  room  temperature(RT)  (a)  lx?=0.  (b)Ix?=0.38  x  1017cnr2lrl 
(c)  1x2=1. 3  x  1017cnr2lr!  (d)  1x2=2. 5  x  1017cm’2h*1 

To  further  investigate  the  dependence  of  phase  formation  on  N-ions  dose.for  the  sample  of 
1x2=2. 6  x  lO^cm^h'k  an  additional  40kV  N-ion  implantation  with  dose  of  1.3  x  1017cm-2h-] 
was  carried  out  .  The  results  show's  that  not  only  8-Fe2,3N  transformed  into  T|-Fe2N,  but 
also  some  amount  of  j/-Fe4N  and  a"-Fei6N2  phase  were  formed  after 
implantation  (Fig.2  e). Apparently,  y  '-Fe4N  and  a"-Fei6N2  w:as  transformed  from  the 
retained  a-Fe  phase  in  the  film. 
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The  above  results  indicate  that  it  was  an  effective  method  to  fabricated  iron  nitride  film 
containing  aM-Fei6N2  metastable  phase  with  low  dose  and  high  energy  N-ion  bombardment 
by  IBED.  With  the  increase  of  Lvj.  it  is  almost  impossible  to  form  a'-Fe^N:  metastable 
phase  furthermore  due  to  strong  thermal  spike  and  shift  spike  effects[l].  The  TED  patterns 
and  micrographys(Fig.3)  show  that  the  grain  grows  with  the  increase  of  N  content  in  the 
films.  It  proved  that  grain  growth  is  proportional  to  dose  for  IBED[1].  However,  for  the  same 
sample,  the  grain  size  of  ion  nitride  is  homogeneous  in  the  film  with  10-20  nm  sizes. 
Therefore,  the  typical  nanometer  polycrystalline  iron  nitride  films  were  synthesized  by  our 
IBED  system. 

3.1.2  The  Phase  Formation  During  Heating  Process 

Compared  to  the  phase  formation  at  room  temperature,  the  phase  composition  is  quite 
different  as  the  substrates  is  heated.  At  T=250°C, 1x2=  1.42  x  lO^cm^h1,  the  phases  were  e-e- 
Fe^sN  and  y  ’-Fe4N(Fig.4.a)(process:  after  N-ion  implantation  of  0.94  x  1017  cm-2  ,  the 
substrate  was  being  heated  while  the  film  deposition  continue,  the  heating  time  is  about  30 
minutes).  At  T=300°C.  Lv2=2.5  x  lO^cm^h*1.  the  main  phases  is  a-Fe  and  y  *-Fe4N,  in 
addition,  a  small  amount  of  e-Fe^N  was  found  (fig. 4  b). 


Fig. 4  .  X-ray  diffraction  data  for  the  Fe-N  films  formed  during  heating  process 
(a)  Lv2=1.4  x  1017cm'2h_1  ,T=250*C  (b)Lv2=2.5  x  1017cm-2h‘1  ,T=300‘C 

These  results  show  that  substrate  temperature  is  very  important  to  the  phase  formation  of 
the  film.  As  it  is  well  know',  IBED  is  a  nonequilibrium  and  dynamic  mixing  process.  Heating 
substrate  not  only  changes  the  film  deposition  but  also  increase  the  disabsorption  of  N  atom 
[l].In  contrast  with  the  films  deposited  at  room  temperature,  j/'-Fe 4N,  wrhich  has  less  N 
content  than  s-Fe2,3N,  is  formed  more  easily  on  the  heated  substrates.  Concerning  with  the 
structure  of  ion  nitrides,  ^'-Fe4N  phase  exhibits  f.c.c  structure  while  s-Fe-sN  is  h.c.p. 
structure  ,  it  seemed  that  heating  process  are  more  suitable  for  the  formation  of  f.c.c. 
structure. 

3.2  Magnetic  Properties 

The  value  of  Ms  vs  Lv?  is  shown  in  Fig. 5.  At  Lv?=0,  Ms  equals  to  202  emu/g,  within 
experimental  error  equal  to  the  bulk  room  temperature  value  for  a-Fe  of  212  emu/g.  As  Lv2 
increases,  Ms  increases  reaching  a  maximum  of  245  emu/g  at  1x2=0.37  x  1017cm*2h*1.  The 
increase  is  ascribed  to  the  effects  of  a"-Fei6N2  phase  formation.  From  the  estimation  of  XRD 
intensities,  the  calculated  value  of  a"-Fei6N2  is  310  emu/g  which  is  in  good  agreement  with 
the  measured  value  of  315  emu/g  [8].  For  Iaq>1.3  x  10I7cnv2h-1J  Ms  decreases  dramatically 
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and  drops  to  65  emu/g  at  Im?=1.3  x  1017cm-2h-'  and  61  emu/g  at  I«2=2.5  x  1017cm-2h-'  due  to 
the  formation  of  s-Fe^N  phase. 


Fig. 5. The  A  is  value  of  films  vs  I m  (a)  Lv2=0. 
(b)lN2=0.38  x  1017cm-2h_1  (c)  Iw2=l. 3  x  1017cnr2h_1 
(d)  In2~2.5  x  lO^cm^h*1  (e)  additional  N-ion 
implantation  of  (d)  with  dose  1 .3  x  1017cnr2 


However,  for  the  sample  of  Ijv2=2.5  x  1017cm-2h-1,  Ms  increases  suddenly  to  215  emu/g 
after  additional  N-ion  bombardment.  Ms  also  increases  near  to  Fe  when  the  substrate  was 
heated  at  lv2=2.5  x  1017cm*2h1.  These  changes  in  observed  Ms  can  also  be  correlated  with 
the  structure  data.  Fig. 4(b)  shows  that  the  retained  a-Fe  has  been  converted  to  the  y'~ Fe.fN 
and  a"-Fei6N2.  This  explained  the  increased  Ms  after  additional  N-ion  bombardment.  The 
film  prepared  on  a  heated  GaAs  substrate  atI^-2.5  x  1017  cm^h-1  was  mainly  composed  of 
a-Fe  and  y'-Fe4N  and  as  expected  the  measured  Ms  has  a  slight  change  within  the 
experimental  error  compared  with  a-Fe. 

4.  Conclusion 

In  summary,  nanometer  scale  iron  nitride  magnetic  films  have  been  synthesized  by  an  all¬ 
element  IBED  system. an-Fei6N2  phase  was  formed  in  the  films  under  bombardment  with 
low  dose  and  high  energy  N-ion.  The  dose  of  N-ions  and  substrate  temperature  have  a  strong 
influence  on  the  phase  formation  of  ion  nitride  films  while  the  magnetic  properties 
dramatically  depend  on  the  phase  structure. 
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Fig.3.  TED  electron  diffraction  patterns  and  TEM  micrographys  for  the  Fe-N 
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Abstract  ' 

The  influence  of  uninterrupted  and  arc-  pulsed  ion  implantation,  high-  power  ion  beam  treatment  and  final  annealing 
dregimes  on  chemical  composition  and  phase-  structural  state  of  surface  layers  and  on  surface  properties  of  gas  turbine 
engine  compressor  blades  manufactured  from  refractory  alloys  was  investigated  Long-  term  full-  scale  tests  of  the 
production  and  irradiated  compressor  blades  in  gas  turbine  engine  operating  conditions  were  carried  out.  After 
completing  tests  the  physical-  chemical  state  of  the  blades  was  studied. 

Keywords:  Ion  beam:  Refractory  alloys:  Service  properties 

1.  Introduction 

The  elaboration  of  the  most  advanced  technological  methods  for  surface  processing  of  gas  turbine  engine  parts 
manufactured  from  refractory  alloys  is  one  of  the  important  problems  of  the  aviation  material  science.  It  is  attributed 
by'  high  cost  and  great  responsibility  of  these  parts  exposed  to  simultaneous  force  of  constant  and  cyclical  loads,  gas 
oxidation  and  sulphidization  at  high  temperature,  particle  and  hydro-  abrasive  erosion.  Exactly  the  turbine  and 
compressor  blades  determine  the  duration  of  gas  turbine  engine  operation.  The  ion-  beam  treatment  is  the  most 
advanced  method  for  surface  processing  of  machine  parts.  There  are  ion  implantation  by  uninterrupted  beams  ( IIUB  ) 
[1],  arc-  pulsed  implantation  ( API )  [2]  and  high  power  pulsed  ion  beams  (HPPIB)  treatment  [3].  The  perspectives  of 
IIUB,  API  and  HPPIB  application  in  aircraft  building  industry  were  analyzed  in  [4-6]  on  the  base  of  experimental 
results  obtained  by  surface  state  researches  of  refractory  alloys  model  samples  irradiated  by  ion  beams. 


Corresponding  author.  Fax:  197095  158  29  77,  e-  mail:  surface  @  k208.  mainet.  msk.  su 


In  this  connection  the  arm  of  the  present  paper  is  the  investigation  of  ion-  beam  treatment  influence  on  the  surface 
condition  of  aviation  engine  compressor  blades  and  on  their  properties  including  discussion  of  the  long  time  engine 
tests  results. 

2.  Experimental 

The  blades  of  gas  turbine  engine  compressor  (  3,7,8  and  9-  stages  )  were  manufactured  from  refractory  alloys  (  VT9- 
a+(3-  titanium  alloy;  VT25U-  pseudo-a-  titanium  alloy;  EP866sh-  carbide  strengthened  steel;  EP718ID-  nickel-  iron 
alloy  [4-6]). The  uninterrupted  rotating  blades  have  been  irradiated  by  the  C,  N,  B,  La,  La  and  B 
(  LaB6  ),  Sm  and  Hf-  ions  employing  the  following  accelerators:  ILU-4,  DELTA,  Raduga  [7]  and  Temp  [8].  The 
irradiation  regimes  (  Table  1  )  have  been  chosen  according  the  results  of  ion-  beam  treatment  optimal  regimes 
determination  as  it  was  made  using  the  thermodynamical  methods  [5]  and  generalizing  from  the  experimental  data 
published  in  [4-61  for  model  samples.  Surface  conditions  of  the  initial  and  irradiated  blades  have  been  studied  by 
Auger  electron  spectroscopy  (  AES  ),  scanning  electron  microscopy  (  SEM  ),  X-  ray  diffraction  analysis,  optical 
microscopy  and  exo-  electron  emission  (  EEE  ).  Furthermore,  roughness  and  microhardness  of  the  blade  surface  have 
been  measured  (  R*,  ).  The  total  set  of  these  researches  has  repeated  after  the  final  annealing  (  P=  10"1  Pa,  T=  450- 

650  °C.  t=  2  hours  ).  Then  the  blades  passed  long-  term  full-  scale  tests  in  gas  turbine  engine  operating  conditions  ( 
Table  1  ).  After  completing  of  these  tests  the  surface  layers  of  the  blades  were  investigated  by  the  EAS,  SEM,  X-  ray 
analysis  methods  and  there  were  determined  the  following  properties:  fatigue  strength  (  cr_i,  Mpa,  loading  frequency- 
f=  1800-  3000  Hz,  temperature-  T=  450-  600  °C,  air, the  base  of  tests-  2xl07  cycles  ),  oxidation  resistance  (  ho¬ 
thickness  of  oxidized  layer ),  erosion  resistance  (  Am/  Ser.,  quartz  sand-  d=  80-  120  pm,  speed  of  particles-  V=  200  m  s' 
\  sand  load-  p=  20  mg  mm'2,  angle  of  impact-  a=  90°  )*.  The  eroded  surfaces  of  the  blades  and  the  fatigue  cracks  have 
been  studied  by  the  SEM-  fracture  method  [8,9]. 

3.  Results 

Some  results  of  investigations  and  tests  are  presented  in  Tables  2  and  3  and  in  Fig.  1-5.  Comparing  these  data  with  the 
results  published  in  [4-61  the  following  conclusions  can  be  made:  (  i  )  the  usage  of  low  current  ion  beams  ( j~10 
pAcm'2 )  allows  to  alloy  surface  layers  with  thickness  from  30  nm  (  heavy  ions  )  to  0.3  pm  ( light  elements)  besides 
the  processes  of  phase  formation  ( fine  dispertional  precipitations  of  carbides,  borides,  oxides 
*  The  blades  irradiated  by  the  B,  LaB6,  Sm  and  Hf-  ions  were  not  tested  in  gas  turbine  engine. 


and  nitrides  are  formed )  and  defect  formation  ( concentrations  of  point  and  linear  defects  change  )  take  place  in  the 
near  surface  layer  with  thickness  h~  1  pm  during  ion  implantation  and  final  heat  treatment;  (  u  )  the  most 
homogeneous  state  in  surface  layers  is  formed  in  the  process  of  the  fight  ions  IIUB  at  high  values  of  current  density  ( 
j>i  mA  ciri2 )  and  doses  ( D>1019  ion  ciri2 ),  in  addition  a  depth  of  ion  penetration  into  a  matrix  achieves  ~6  pm  and 
an  amorphous  state  is  formed  in  this  layer  ( in  this  case  the  blades  were  heated  up  to  600-  700  °C  in  spite  of  their 
compulsory  water-  cooled  );  (  iii  )  the  distinction  between  IIUB  and  API  shows  itself  by  formation  of  near  surface 
zones  had  great  concentrations  of  implanted  components  ( more  70  at.% )  and  impurities  !  C,  O ),  if  the  pulsed  regime 
of  implantation  is  used,  and  by  the  increase  of  the  more  thick  modified  layers  ( h-1-4  pm ).  Most  likely,  the  latter  was 
connected  with  the  thermal  effects  took  place  during  high  current  irradiation  in  a  pulse  ( j~0.2-0.5  mA  cm2 );  (  iv  ) 
HPPIB  treatment  of  the  compressor  blades  in  the  melting  regimes  ( j<  60  A  cm"2 )  and  the  final  annealing  allow:  to 
decrease  roughness  considerably  (  up  to  Ra=  0.06  fim  );  to  eradicate  micro-  defects  of  surface  that  it  is  important  for 
parts  having  the  sharp  edges;  to  increase  the  strength  of  material  in  account  to  the  fine  dispertional  carbide 
precipitations  formation  in  the  layer  with  thickness  of  0.2  pm  and  at  the  expense  of  the  defect  composition  increase  as 
a  result  of  shock  waves  spreading  into  a  matrix  ( h~100  pm );  to  form  a  homogeneous  stable  structure  in  surface  layer 
( the  average  grain  size  of  the  titanium  alloy  blades  surface  layers  was  equal  to  40-60  pm  [6];  to  seek  a  considerable 
decrease  of  the  interplate  distance  during  the  annealing. 

The  variations  of  the  blades  surface  layer  physical-  chemical  state  have  determined  the  operation  behavior  of  these 
blades  in  the  process  of  their  tests  in  gas  turbine  engine. 

Using  the  prolonged  machine  test  results  it  was  shown  that  the  following  service  properties  of  the  blades  (  7,8  and  9* 
stages )  can  be  improved  by  the  IIUB  ( La,  B  )  despite  a  small  thickness  of  modified  surface  layers:  o.r  ( by  10-40  % ); 
ho  (  more  than  2  times );  Am /  Ser  -  ( by  40-200  %  ).This  effect  is  attributed  to  a  lack  of  erosion  force  on  the  surface  of 
the  compressor  last  stage  blades  in  the  course  of  the  tests.  As  a  result  the  thin  surface  layers  modified  by  ion  beams 
have  been  preserved  all  the  running  time.  The  changes  of  these  properties,  however,  were  caused  by  the  next  reasons: 
a  variation  of  fatigue  crack  formation  mechanism  from  “surface  “ 

( Fig.  5a )  to  “under  surface  “( Fig.  5b )  or  a  decrease  of  the  fatigue  fiirrows  step  during  a  passage  of  the  fatigue  crack 
through  a  grain;  formation  of  the  La2Ch  and  CrN-  barrier  layers  preventing  diffusion  of  oxygen  into  a  matrix; 
formation  of  residual  compress  stresses  in  the  thin  surface  layer  ( h~l  pm  )  that  ensures  the  increase  of  incubatory 
period  during  the  erosion  fracture. 

At  the  same  time  the  test  results  of  the  compressor  third  stage  blades,  for  which  the  erosion  force  became  the  main 
factor  of  fracture  ever  at  first  of  operation,  showed  that  ion  implantation  can  not  ensure  the  statistic 


significant  improvement  of  blade  properties.  Furthermore,  even  some  decrease  of  operating  characteristics  of  the  third 
stage  titanium  alloy  blades  treated  by  uninterrupted  ion  beams  took  place  (  Table  3  ).  The  latter  caused  the  fracture  of 
the  thin  strengthened  layer  in  the  beginning  of  tests  (  particularly,  erosion  load  is  a  great  in  the  zones  of  the  blade 
entrance  edges,  Fig.  6).  As  a  result  over  a  long  period  of  operation  already  the  under  surface  layer  have  been  exposed 
to  a  load  where  the  residual  tensile  stresses  were  formed  during  irradiation  [6,8,9],  The  data  obtained  after  the  tests  of 
titanium  blades  irradiated  by  HPPIB  allow  to  conclude  that  ion-  beam  treatment  must  be  carried  out  at  low  values  of 
ion  current  density  ( j=60  A  cm'2  ).  In  this  case  the  HPPIB  treatment  enables  to  improve:  a.,  -  by  30%;  Am/Ser.  -  more 
than  2  times;  ho  -  more  than  9  times.  At  the  same  time  the  irradiation  at  high  values  of  ion  current  density  leads  to  a 
great  decrease  of  the  service  properties  level.  It  was  caused  by  the  micro-  heterogeneities  having  a  form  of  craters  ( 
diameter-  5-100  pm;  a  depth-  0.5-2  pm  )  during  the  HPPEB  treatment  at  high  values  of  ion  current  density.  The 
formed  craters  are  surface  concentrations  of  stresses  and  it  leads  to  formation  of  micro-  cracks  (  or  even  a  crack  net ) 
during  irradiation  or  operation  of  the  blades.  The  reasons  and  mechanisms  of  crater  formation  are  presented  in 
[11,12]. 

4.  Conclusion 

It  was  shown  using  the  prolonged  engine  tests  and  the  researches  of  irradiated  blades  surface  layer  state  that  the  usage 
of  uninterrupted  and  arc-  pulsed  implantation  allows  to  improve  the  service  properties  of  these  parts  dramatically  if 
the  erosion  force  is  absent  during  operation.  The  HPPIB  treatment  has  the  better  perspectives  of  application  in  aircraft 
engine  building  in  comparison  with  ion  implantation  because  the  usage  of  high  power  ion  beams  ensures  the 
modification  of  more  thick  surface  layers  and  formation  of  record  low  values  of  surface  roughness. 
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Fig.  1.  The  element  distributions  in  the  surface  layer  of  the  blades  manufactured  from  the  VT9  alloy  after  ion 
implantation  of  B  (  D=  2x  10n  ioncm'2  )  and  annealing  (  500  °C,  2  hours,  vacuum  ): 

A-  Ti;  •-  C;  O-  O;  □-  Al;  x-  B. 

Fig.  2.  The  element  distributions  in  the  surface  layer  of  the  blades  manufactured  from  the  VT9  alloy  after  ion 
implantation  of  Sm  ( D=  5xl017  ioncm'2 )  and  annealing  ( 500  °C,  2  hours,  vacuum ): 

A-  Ti;  •-  C;  O-  O;  □-  Al;  x-Sm. 


Fig.  3.  SEM  micrographs  of  the  VT25U  titanium  alloy  blades  surface:  a-  production  blades;  b-  the  blade  after  HPPIB 
treatment  ( j=  60  A  cm'2 ;  n=  20  pulses ). 


Fig.  4.  SEM  micrographs  of  the  VT9  alloy  blades  surface  after  the  prolonged  tests  in  gas  turbine  engine:  a-  HPPIB 
treatment  (  j=  160  A  cm'2  );  b-  HPPIB  treatment  ( j=  60  A  cm'2  ). 


Fig  5.  SEM  micrographs  of  fatigue  fracture  surface  of  the  EP718ID  alloy  blades  after  the  prolonged  tests  in  gas  turbine 
engine:  a-  production  blade;  b-  the  blade  irradiated  by  N. 


Fig.  6.  SEM  micrograph  of  the  VT9  alloy  blade  surface  in  the  zone  of  the  entrance  edge  after  the  prolonged  tests  in 
gas  turbine  engine. 


Table  1.  The  irradiation  regimes  and  the  running  time. 
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Rp 
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X  0 

Amax 

at% 

hmax 

nm 

(hkl) 

IV  grad 
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,Mpa 

p=0.5N 

pm 

±0.01 
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- 
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0.13 
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2 
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6+1 
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m 
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3 
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30+5 
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4 
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5 
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- 

6+1 
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“ 
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6 
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m 
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120  /  20 

i 
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9 
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0.15 
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10 
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13 
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35+5 
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14 
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15 
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16 
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17 
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12  /  100 

25  /  8 

32/  220 
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mm 
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18 
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“ 

- 

- 
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0.61 
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■■ 
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19 
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- 

- 
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0.65 
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0.10 
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20 

VT9,  * 

- 

- 

" 

201 
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380+30 

0.16 
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21 

VT25Y,* 

- 

- 

- 
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400+30 

0.15 

45+5 

22 
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- 

- 

" 
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1.02 

360+30 

0.20 
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23 
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- 

“ 
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0.71 
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0.21 

210+30 

Table  2.  The  influence  of  ion-  beam  treatment  regimes  on  the  concentration  profile  characteristics  ( Rp-projective 
running;  x^0  -  concentration  of  implanted  element  in  a  depth  of  Rp;  hmax*  thickness  of  ion  alloyed  layer ), 


microhardness,  roughness,  exo-  electron  emission  and  a  half-  width  of  X-ray  lines  (  hkl ).  *-  production  blades. 


,  Mpa 

o.i ,  Mpa 

Am/Ser, 

h0 ,  pm 

Ra.pm 

p=0.5N 

±10 

mgmm'2 

±5 

+0.01 

±0*005 

4 

VT9,3 

8401100 
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0.075 

80 

0.29 

5 

EP866sh,  7 

650130 
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0.060 

50 

0.25 

6 

EP866sh,  7 

460130 

320 
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25 

0.24 

7 

EP718ID,  8 

440130 

355 

0.060 

35 

0.23 

8 

EP718ID,  9 

440130 

360 

0.065 

25 

0.23 

18 

VT9, 3 

420140 

580 

0.025 

611 

0.06 

19 

VT9, 3 

860+30 

420 

0.070 

60 

0.34 

20 

VT9, 3 

650±70 

540 

0.065 

55 

0.23 

21 

EP866sh,  7 

600±50 

270 

0.090 

50 

0.26 

22 

EP718ID,  9 

620150 

295 

0.090 

70 

0.25 

Table  3.  Service  properties  of  the  blades  after  the  prolonged  engine  tests  ( the  regimes  of  treatment  are  presented  in 
Tables  1  and  2  ). 
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Abstract 

Ti+B  Mo+B  Cr+B,  Al+B  ion  pulse  beam  implantation  effects  on  the  miciohaidness 
and  wear  resistivity  of  the  surface  layer  of  M2,  D2,  WI-9*/»  and  52100  steels  were 
researched.  According  to  the  obtained  data  the  multi-element  ion  beam  implantation  of 
a  machine  parts  and  tools  was  fulfiled  and  the  industrial  test  results  were  shown. 

Keywords:  steel,  implantation,  microhardness,  wear  resistivity. 

'  Ion  beam  treatment  of  a  machine  parts  and  tools  researches  over  the  two  last 
decades  achieved  the  considerable  results  on  the  operation  properties  improvement. 
The  most  studing  [1-3]  is  the  ion  beam  of  a  single-element  composition  treatment  or  a 
structural  and  tool  steels.  The  perspective  for  these  purposes  of  the  multi-element  ion 
beams  employment  was  shown  at  the  last  years.  The  more  efficient  modification  of  t  e 
structure-phase  state  and,  accordingly,  physical-chemical  properties  of  the  surface  layer 
at  least  expose  dose  compared  with  single-element  ion  implantation  is  an  advantage  ot 

this  method  [4-6].  .  ,  .. _ ~ 

This  work  aims  to  investigate  the  effect  of  ion  simultaneous,  inculcation  or 

boron  and  metals  formed  with  boron  the  very  hard  and  wear  resisting  chemical 
compounds,  into  surface  layer  on  the  microhardness  and  wear  resistivity  of  a  certain 
industrial  steels  with  purpose  of  the  machine  part  and  tool  operation  property 
improving. 

2.  Experimental  ..." 

The  irradiation  of  a  steel  specimens  and  machine  parts  and  tools  was  earned  out 

using  the  pulse  vacuum  arc  ion  source  "DIANA- 12".  The  schematic  diagiam  of 
DIANA- 12  source  is  shown  in  Fig.l  DIANA- 12  source  consists  of  the  ion  accelerator 
(I),  the  high-voltage  transformer  unit  (II)  and  the  vacuum  chamber  (III).  The  high- 
voltage  insulator  5  removes  the  vacuum  part  of  the  ion  source  from  contact  with  the 
high-voltage  transformer  unit  that  fills  with  a  transformer  oil.  _  , 

The  vacuum  chamber  has  the  200  mm  diameter  opening  for  joining  with  the  ion 
source.  Residual  pressure  in  vacuum  chamber  during  implantation  process  was 
maintained  1  •  1 0-3+3- 1 0 -4.  The  DIANA-12  source  work  thus.  A  breakdown  between 
cathode  (6)  and  ignitor  electrode  (4)  is  due  to  voltage  applied  to  the  transformer  Trl. 
The  discharge  plasma  of  the  vacuum  arc  cathode  spot  disperse  in  the  expander  - 
anode  (2)  and  short  -circuit  the  secondary  winding  of  the  transformer  Tr2. 
Rectangular  potential  pulse  applied  to  the  primary  winding  of  the  ,transfoi  mei  Tr2 
allowed  the  *arc  discharge  with  .a  current  10+50  A  and  duration  300  ps. 
Simultaneously  the  voltage  pulse  applied  to  the  transformer  Tr3  that  the  produced 
high  voltage  pulse  of  the  amplitude  20+90  kV  and  such  duration.  Ions  of  the  cathode 
spot  plasma  come  up  to  the  emitter  grid  are  accelerated  that  voltage.  Its  pass  thiough 
the  extracting  electrode  grid  (1)  with  the  transparence  -95%  and  get  at  the  specimen 
holder  (7)  that  earth  through  resistor  (8). 

•Corresponding  author:  Fax:  7  382  22  258  032,  e-mail:  root@ritc.tomsk.su 
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The  negative  potential  is  applied  on  the  grid  (1)  to  suppress  of  a  secondary  elektrons. 
The  irradiated  specimens  or  machiny  parts  and  tools  are  put  in  the  holder  (7).  The 
resistor  (8)  signal  is  feeded  at  the  control  unit  for  irradiation  dose  measuring.  The 
pulse  dicrete  frecuency  5,  10,  25,  50  Hz,  the  beam  current  amplitude  0,1-0,6A, 
the  accelerating  voltage  20-90  kV. 

The  beam  element  composition  forming  cathode  of  DIANA-12  ion  source  is  a 
tablet  with  diameter  15  mm  and  thickness  5  mm  that  are  manufactured  of  the  pressing 
of  a  powder  compound  particles  with  the  dimensions  10-20  pm  and  solid-phase 
sintering  in  the  vacuum  furnace.  The  chemical  composition  of  the  used  cathodes  are 
shown  in  Table.  1.  The  research  of  the  ion  beam  mass-charge  composition  formed 
compositional  cathodes  was  shown  beam  composition  had  ions  of  all  elements 
that  contained  cathode  [8]. 

The  microhardness  and  wear  resistivity  of  the  multi-element  ion  beam 
treatment  specimens  manufactured  with  the  following  steel  grade;  High  Speed  Steel 
ASTM  A600  M2  regular  "C",  Die  Steel  AISI  D2,  Carbon  Tool  Steel  ASTM  A686 
Wl-9'/2  and  Bearing  Steel  ASTM  A295  52100  were  studied. 

'  The  preparation  of  a  research  specimens  included  the  heat  treatment  at  a 
standard  method  for  the  showed  steel  grade,  disk  grinding,  fine  polishing  and 
electrochemical  polishing  achieve  the  surface  roughness  Ra=0,10  -  0,08  pm. 

The  microhardness  is  determined  by  PMT-3  instrument  with  the  measuring  of 
the  0,5  N  loading  diamond  indenter  impression  diagonals.  The  wear  test  diagram 
is  shown  in  Fig. 2.  The  wear  tests  conducted  in  the  pin-in-disk  geometry  by  the 
SMT-1  tribotester  at  the  normal  load  in  pin  150N,  the  disk  speed  of  rotation  Is-1  and 
the  measurement  duration  600  s.  The  disk  of  diameter  50  mm  made  from  the 
research  steel  and  the  pin  of  diameter  2,4  mm  was  from  the  hardening  bearing  steel 
52100  with  the  Rockwell  hardness  HRC64.  The  wear  was  determined  by  measuring  the 
wear  track  depth  with  a  surface  profilometer  K-296. 

3.  Results 

Table2  show  that  the  wear  resistivity  of  M2  steel  icreases  in  80-90%  at  the 
(Mo+B),  (Cr+B),(A!+B)  ion  implantation  and  28%  at  the  (Ti+B)  ion  implantation. 
The  wear  resistivity  of  D2  steel  icreases  in  20%  at  the  (Mo+B)  ion  implantation  and 
29%  at  the  (Ti+B)  ion  implantation,  \V  1  -9 V2  steel  -  in  45%  at  the  (Cr+B)  ion 
implantation  and  77%  at  the  (Ti+B)  ion  implantation,  52100  steel  in  42%  at  the  (Ti+B) 
ion  implantation. 

Microhardness  of  M2  steel  icreases  in  50%  at  the  (Cr+B)  and  (Mo+B)  ion 
implantation  and  18%  at  the  (Ti+B)  ion  implantation,  W1-9V2  steel  -  in  45%  at  the 
(Cr+B)  ion  implantation  and  28%  at  the  (AL+B)  ion  implantation,  52100  steel  -  in  30% 
at  the  (Ni+B)  ion  implantation. 

The  most  considerable  effect  simultaneosly  both  wear  resistivity  and 
microharness  was  shown  (Cr+B)  and  (Mo+B)  ion  beam  in  M2  steel,  (Mo+B)  ion  beam 
in  D2  steel,  (Cr+B)  ion  beam  in  W 1-9  72  steel,  (Ti+B)  ion  beam  in  52100  steel. 

The  obseved  changes  of  the  research  steel  surface  properties  under  the  influence 
B+(Ti,  Mo,  Cr,  Al)  ion  beams  can  been  bound  with  a  precipitation  high  concenration 
titanium,  molibdenium,  chromium,  aluminium  borides  and  carbides  into  a  martensite 
plates  and  with  a  remaining  austenite  transformation  in  the  alloing  martensite.  This 
explanation  can  following  at  early  TEM  and  microdifraction  observations  [5]  of  a 
structure-phase  composition  of  a  steel  surface  layer  at  (Mo+B),  (Ti+B),  (Cr+B)  ion 
beam  implantation. 

The  multi-element  ion  beam  implantation  of  the  machine  parts  and  tools  was 
carried  out  on  the  basic  of  the  obtained  experimental  data.  The  industrial  tests  were 
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done  in  a  production  conditions  on  the  Russian  plants.  In  Table  3  is  list  industrial  test 

results  icluded  average  values  of  100  separate  measurements. 

The  thin  disk  milling  cutters  and  drills  and  dies  were  shown  the  most  commercial 
results  in  the  life  duration  increase  under  the  influence  of  the  multi-element  ion  beam 
implantation. 


4. Conclusions  '  .  „  „  ....  nl, 

The  wear  resistivity  and  microhardness  changes  of  M2,  D2,  Wl-^/2, 
steels  at  (Ti+B),  (Mo+B),  (Cr+B),  (Al+B)  ion  beam  implantation  with  DIANA- 12 
ion  source  and  compositional  powder  cathodes  were  studied.  Tl lie  most 

considerable  action  on  these  properties  has  (Mo+B)  ion  beam  in  M2  and  D2  steels, 
(Cr+B)  ion  beam  in  M2  and  Wl-91/:  steels  and  (Ti+B)  ion  beam  in  52100  steel.  The 
industrial  tests  of  multi-element  ion  beam  irradiated  machine  parts  and  tools  weie 
caried  out.  The  thin  disk  milling  cutters  and  drills  and  dies  were  shown  the  most 

results. 
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Fig.l.  Schematic  diagram  of  DIANA- 12  ion  source. 
I  -  ion  accelarator 

II  -  high-voltage  transformer  unit 

III  -  vacuum  chamber 

1  -  extracting  elektrode  grid 

2  -  expander-anode  with  emitter  grid 

3  -  cathode  holder 

4  -  ignitor  electrode 

5  -  high-voltage  insulator 

6  -  cathode 

7  -  specimen  holder 

8  -  ion  beam  current  control  resistor 

Trl  -  adapter  pulse  are  ignitor  transformer 
Tr2  -  adapter  pulse  are  transformer 
Tr3  -  high-voltage  pulse  transformer 
Vb  -  bias  voltage  for  suppres  of  secondary  electron 
emission 

lb  -  ion  beam  current 


Fig. 2.  Wear  test  diagram  at  sliding  with  pin-on-disk  geometry. 

1  -  specimen-disk 

2  -  cylinder  counterface 
F  -  normal  load  150N 

d  -  cylinder  counterface  diameter  2,4  mm. 

D  -  specimen-disk  diameter  50  mm. 
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Table2.  Microhardness  Hv(MPa)  and  wear  groove  depth  h  ( pm)  measured  before 
and  after  ion  beam  treatment  of  steel  samples.  Vb=70kV,  D=2-10l7cm  ,  f=50Hz, 
jb=0,4mA/cm2  for  52100  and  W 1-9  Vz  samples  and  jb=l,0mA/cm2  for 

others 


Table3.  Russian  plant  test  results  of  tools  and 
i„=0,4  mA/cm*  for  52100  and  w  1-9 'A  steels 

I  1  Material  of 

Tool  or  Materials  of  connected 

machine  part  tool  or  machine  part  or 

machine  part  machined 
material 


machine  parts.  Vb=70kV,  f=50Hz, 
and  ib=1.0  mA/cm2  for  others 
Species  ion  In  crease  of 

beam  and  amount  tool 

implantation  and  machine 

dose,  cm  part  use 
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ABSTRACT 

Plasma  source  ion  implantation  (PSII)  is  a  scaleable,  non-line-of-sight  method  for  the 
surface  modification  of  materials.  In  this  paper,  we  consider  three  important  issues  that 
should  be  addressed  before  wide-scale  commercialization  of  PSII:  (1)  implant 
conformality;  (2)  ion  sources;  and  (3)  secondary  electron  emission.  To  insure  uniform 
implanted  dose  over  complex  shapes,  the  ion  sheath  thickness  must  be  kept  sufficiently 
small.  This  criterion  places  demands  on  ion  sources  and  pulsed-power  supplies.  Another 
limitation  to  date  is  the  availability  of  additional  ion  species  beyond  B,  C,  N,  and  O. 
Possible  solutions  are  the  use  of  metal  arc  vaporization  sources  and  plasma  discharges  in 
high-vapor-pressure  organometallic  precursors.  Finally,  secondary  electron  emission 
presents  a  potential  efficiency  and  x-ray  hazard  issue  since  for  many  metallurgic 
applications,  the  emission  coefficient  can  be  as  large  as  20.  Techniques  to  suppress 
secondary  electron  emission  are  discussed. 
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I.  INTRODUCTION 


Ion  implantation1  is  a  well-developed  technology  used  to  modify  material  surface  proper¬ 
ties,  e.g.,  for  manufacturing  semiconductor  junctions  and  oxides,  and  for  production  of  high- 
strength,  light-weight,  corrosion-resistant  metals.  A  limitation  to  more  widespread  use  of 
implantation  for  large-area,  high-dose  applications  is  the  time,  expense,  and  complexity 
.associated  with  conventional  line-of-sight,  accelerator-based  techniques.  Plasma  source  ion 
implantation2-4  (PSII)  is  a  scaleable,  non-line-of-sight,  batch  process  that  has  the  potential  of 
overcoming  many  of  these  limitations.  In  PSII  a  negative  high-voltage  pulse,  typically  ranging 
between  10  and  300  kV  and  over  a  period  between  1  to  40  ps,  is  applied  to  an  electrically 
conducting  workpiece  immersed  in  a  plasma.  The  plasma  usually  consists  of  a  weakly  ionized 
discharge  created  from  a  gaseous  precursor  admitted  into  a  vacuum  chamber.  Plasma  ions  are 
accelerated  by  the  applied  electrical  potential  and  are  implanted  into  the  surface  of  the 
workpiece.  Implant  times  are  short  when  compared  to  beamline  techniques  since  high-current, 
pulsed-power  supplies  compatible  with  this  process  can  provide  nearly  two  orders  of 
magnitude  higher  average  currents  than  conventional  accelerators.  Since  large  areas  can  be 
implanted  concurrently,  ion  current  densities  to  the  workpiece  can  be  kept  low  to  avoid 
overheating  problems  sometimes  encountered  in  beamline  implants.  In  this  paper,  we  consider 
three  issues  which  must  be  addressed  before  wide-scale  commercialization  of  PSII:  (1)  implant 
conformality;  (2)  ion  sources;  and  (3)  secondary  electron  emission. 

H.  IMPLANT  CONFORMALITY 

An  attractive  feature  of  PSII  is  that  it  is  non-line-of-sight.  Cumbersome  workpiece 
manipulation  fixtures  and  beam  rastering  are  unnecessary.  System  efficiencies  are  high  since 
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the  perpendicular  trajectories  into  the  workpiece  eliminate  the  need  for  masking.  However, 
implants  conform  around  complicated  shapes  as  long  as  the  plasma  sheath  dimensions  remain 
small  compared  to  the  workpiece  feature  sizes.  For  certain  applications,  this  condition  may  not 
be  easily  attained  because  of  hardware  limitations. 

The  evolution  of  supersonic  ion  sheaths  has  been  discussed  in  detail  elsewhere.4'7  In  brief, 
.following  application  of  the  pulsed  negative  voltage  V,  plasma  electrons  near  the  surface  of  the 
workpiece  are  rapidly  repelled  (in  a  few  ns)  to  uncover  a  region  of  uniform  ion  density.  This 
region  is  known  as  the  ion  matrix  sheath  and  has  a  thickness  s0  for  planar  geometries  of5 


where  n0=  the  initial  plasma  density,  eo=8.9xl0'12  farad/m  is  the  electric  permittivity  of  free 

space,  and  e  =  1.6xl0‘19  coul  per  unit  charge  is  the  elemental  charge  constant.  On  a  longer 
time  scale  (~  ps)  ions  are  accelerated  across  the  sheath  by  the  applied  electrical  field  and  are 
driven  into  the  workpiece  surface.  As  ions  are  implanted,  charge  imbalance  repels  more 
electrons  away  from  the  workpiece,  thereby  forcing  the  sheath  to  expand  outward  from  the 
workpiece  to  uncover  more  ions  For  planar  geometries  the  sheath  thickness  s(t)  expands  at 
rate6 

s(t)  =  s0  ^t  +  1  (2) 

2  1/2 

where  copi  =  [nce  /e0M]  and  M  is  the  ion  mass.  The  pulse  length  and  the  ion  density  are 
usually  adjusted  so  that  the  sheath  conforms  to  the  workpiece  and  remains  contained  inside  the 
vacuum  chamber,  and  so  that  sheath  overlap  between  adjacent  workpieces  is  avoided.  For  a 
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given  average  power,  a  smaller  sheath  is  achieved  with  higher  n0  accompanied  by  higher 
pulsed  currents,  and  lower  repetition  rates;  moreover,  a  lower  repetition  rate  allows  more  time 
for  plasma  ions  to  diffuse  back  into  the  depleted  sheath  region  between  pulses.8  However,  for 
a  given  V,  n  and  s,  the  ion  current  is  fixed  and  is  given  by  the  Child-Langmuir  equation  which 
for  planar  geometry  is 


4e0  fie  V 
9  VM  [s(t)]2 


The  corresponding  electrical  resistance  Rp]  of  the  plasma  load  for  an  expanding  planar  sheath  is 
obtained  by  combining  Eq.  3  with  Ohm's  law, 

_9_  s2  [~M~ 

pl  4e0  A(y+1)  V2eV  (4) 


where  A  is  the  workpiece  area,  and  y  is  the  secondary  electron  emission  coefficient.  In  PSH 
the  high-voltage  pulser  must  be  capable  of  driving  Rp,  which  can  be  rather  small.  For  example, 
for  a  50  kV  N+  implant  with  s=10  mm,  A=  5  m2  and  y=7,  Rp!  is  0.76  Cl  (corresponding  to  a 
total  pulsed  current  of  65  kA).  Most  pulsers  are  incapable  of  driving  this  load,  so  users  are 
often  forced  to  compromise  by  implanting  with  larger  s. 

Insight  into  conformality  issues  is  gained  from  the  computer  simulation  shown  in  Fig.  1 
and  2  which  are  from  electromagnetic  particle-in-cell  (PIC)  calculations9  to  model  the  self- 
consistent  evolution  of  PSII  of  two  automobile  pistons.10'11  The  numerical  methodology  in  PIC 
simulations  is  that  the  full  set  of  Maxwell’s  equations,  including  displacement  currents,  is 
solved  at  each  time  step  on  a  regular  Eulerian  mesh.  In  these  cylindrical  (r,z)  calculations,  the 
radial  and  axial  resolution  is  2  and  1.5  mm,  respectively,  which  is  sufficiently  smaller  than  s(t) 
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which  ranges  between  16.5  and  105  mm  in  this  series  of  calculations.  The  plasma  is  modeled 
by  an  array  of  26,000  electrons  and  26,000  C2H2+  acetylene  ions,  which  are  initially  cold  with 
a  uniform  density  n0  of  either  2.5xl014,  1015,  or  1016  ions/m3. 

Each  workpiece  has  a  gross  outer  diameter  of  82  mm  and  length  of  50  mm.  They  are 
electrically  connected  to  an  external  voltage  supply  by  a  cantilevered  rod  and  surrounded  by  a 
,318-mm-diam  concentric  vacuum  chamber.  In  the  calculation,  the  voltage  is  fed  through  a 
65.8-Q  coaxial  line,  and  has  a  pulseshape  consisting  of  a  50  ns  linear  rise  followed  by  a  20  ps 
flattop.  However,  calculations  are  carried  out  to  only  1  ps.  For  the  magnitude  of  the  ion 
current  which  is  being  drawn,  the  load  impedance  Rpi  is  much  greater  than  the  line  feed 
impedance.  The  operating  point  of  this  circuit  is,  therefore,  essentially  twice  the  source 
voltage.  Calculations  are  conducted  for  a  bias  voltage  of  25.3  kV,  while  secondary  electron 
emission  ( cf.  Sec.  IV)  is  neglected. 

The  calculations  yield  the  self-consistent  expanding  sheath  position  s(r,z)  as  a  function  of 
time  (Fig.  1)  which  has  both  qualitative  and  quantitative  implications.  For  no=10  m’ ,  we 
find  s0=17  mm  which  reveals  conformality  during  early  times.  At  2.5xl014  m'3,  however,  s0 
is  105  mm,  indicative  of  poor  conformality  at  all  times.  For  all  cases,  as  the  sheath  grows,  its 
form  changes  from  an  approximately  cylindrical  to  spherical  shape,  while  the  ion  current 
decreases  consistent  with  the  Child-Langmuir  scaling. 

Quantitative  information  extracted  from  the  simulations  includes  the  time-integrated 
average  energy  E,  implanted  dose  Di;  and  mean  angle  of  incidence  0  of  implanted  ions  along 
the  surface  of  the  workpiece  as  a  function  of  time.  The  plots  in  Figure  2  are  for  t=80,  180, 
and  480  ns.  The  time  t=  80  ns  corresponds  to  a  time  shortly  after  the  ion  matrix  phase  has 
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been  established.  Relatively  few,  low-energy  (<  7  keV)  ions  have  reached  the  workpiece  by 
this  time,  especially  at  low  n0.  By  t=180  ns,  the  ion  matrix  is  becoming  depleted  at  the  low 
n0,  but  has  not  yet  reached  the  Child-Langmuir  equilibria.  Integrated  ion  energies  rise  to  <  14 
keV,  though  this  number  still  includes  contributions  from  the  early-time,  low-energy  ions.  By 
t=480  ns,  the  ion  matrix  has  been  depleted  in  all  cases  and  Child-Langmuir  flow  has  begun, 
and  E  rises  to  <  19.5  keV.  This  cannot  be  directly  collated  to  the  snapshot  of  the  particle 
distributions  in  Fig.  1  since  ion  transit  times  are  comparable  to  this  time.  At  t=  980  ns,  the 
instantaneous  flux  is  characterized  by  energies  of  22.7-23.2  keV.  E  does  not  reach  the  full  bias 
voltage  because  of  the  finite  expansion  of  the  sheath  during  one  transit  time.8  The  time  elapsed 
between  ion  entry  into  the  sheath  edge  and  implantation  in  the  object  is  of  order  cOpf1  or  about 
450-500  ns  for  the  n0=  1015  m'3  case.  As  ions  accelerate  through  the  potential  well,  the  well 
changes  both  in  magnitude  and  shape.  Ion  energies  are  therefore  distributed  with  different 
energies  as  one  scans  along  the  surface  of  the  object.  As  the  plasma  density  is  increased,  so 
does  the  dose  at  any  given  elapsed  time.  The  increase  in  dose  scales  less  than  linearly  with  n0. 
Also,  we  find  that  E  at  a  given  time,  is  slightly  greater  at  higher  n0.  Finally,  we  note  that 
higher  n0  leads  to  more  nearly  normal  ion  flow  incidence.  At  later  times,  this  difference  begins 
to  relax.  This  situation  is  roughly  what  we  expect,  based  upon  the  higher  degree  of 
conformality  which  is  seen  when  comparing  higher  to  lower  density  calculations.  Much  later 
in  time,  as  all  sheaths  lose  conformality,  we  expect  this  difference  to  be  diminished. 

D;  varies  by  almost  25%  along  the  surfaces.  This  is  due  to  what  might  be  termed 
“spherical  convergence.”  Although  the  exact  details  depend  on  the  geometry  of  the  implanted 
object,  much  of  this  effect  results  from  intersecting  a  spherically  converging  flow  with  a 


-6- 


cylindrical  object.  While  it  does  not  account  for  the  exact  dose  pattern,  it  is  useful  and  generic 
in  understanding  dose  distributions  in  long  cylindrical  arrays  of  objects.  It  should  be  noted, 
however,  that  the  high  density  “spikes”  at  comers  of  the  workpieces  are  mostly  numerical 
artifact.  At  a  comer,  the  numerical  diagnostic  “counts”  all  ions  entering  a  cell,  not  just  those 
crossing  the  outer  surface.  The  retained  dose  Dr  is  a  more  relevant  parameter  for 
.characterizing  implantation  than  total  absorbed  dose.  Dr  depends  upon  both  E  and  0.  0(z) 
profiles  are  plotted  in  Fig  2.  The  profile  and  retained  dose  is  estimated  with  the  Profile  Code 12 
for  D;=  2xlOncm"2,  E=12  keV  implants  of  C  into  Al.  From  the  results  in  Fig.  3,  shallower 
profiles  and  lower  Dr  are  observed  as  0  increases,  because  of  the  geometric  spreading  of  the 
incident  ion  flux  and  increased  sputtering. 

A  final  point  about  the  electron  and  ion  distributions  in  Fig.  1  should  be  noted.  Large 
“holes”  can  be  seen  at  the  axial  end-faces  at  later  times.  These  evacuated  regions  reflect  that 
all  of  the  initial  plasma  in  our  numerical  chamber  has  been  exhausted.  In  a  physical  chamber 
with  the  same  dimensions,  the  same  phenomenon  will  occur.  Increasing  the  axial  length  of  the 
chamber  will  delay  the  onset  of  plasma  exhaustion.  Simple  estimates  indicate  that  a  sufficiently 
long  voltage  pulse  can  lead  to  complete  plasma  usage  in  even  large  PSII  chambers. 
Addressing  this  issue  quantitatively,  however,  requires  considerations  of  the  strength  of  the 
plasma  source  and  the  bias  voltage,  which  are  beyond  the  scope  of  the  present  paper.  The 
process  of  plasma  exhaustion  in  small  chambers  can  be  a  real  effect  and  should  be  evaluated 
when  designing  a  PSII  process. 
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m.  PLASMA  SOURCES 


PSII  requires  the  generation  of  a  plasma  with  sufficient  density  n0  and  uniformity  around 
complex-shaped  workpieces.  As  discussed  in  Sec.  II,  the  value  of  n0  depends  on  the  required 
sheath  thickness  s  and  implant  voltage  V,  while  s  depends  on  several  job-specific  factors  such 
as  workpiece  geometry,  area,  feature  size,  the  process  time,  and  the  high-voltage  pulser 
,  characteristics.  Ion  species  composition  is  another  factor  that  influences  the  choice  of  a  plasma 
sources.  With  molecular  gases,  one  often  creates  multiple  species,  e.g. ,  N2+  and  N+  with  a  N2 
fill;  consequently,  heavier  molecules  are  accelerated  to  lower  velocities  and  are  implanted  into 
shallower  depths  than  lighter  ones.  For  many  metallurgical  applications,  a  mixture  of  ion 
species  is  tolerable  (and  even  desirable)  to  distribute  ions  more  uniformly  into  the  workpiece 
surface  layer.  In  general,  however,  one  usually  prefers  to  fully  dissociate  molecular  ions  to 
maximize  ion  velocity,  thereby  maximizing  implant  depth  and  minimizing  sputter  losses. 

Typical  experiments  are  operated  with  n„  between  1014  and  1018  ions/m3,  created  in  a  gas 
fill  density  between  1019  and  3xl020  atoms/m3  (0.3  to  10  mTorr).  Plasma  sources  utilizing 
biased  filaments  and  radio  frequency  electric  fields  are  routinely  used.  To  date,  a  limitation  to 
more  wide-spread  use  of  PSII  technology  is  the  availability  of  additional  ion  species  beyond  B, 
C,  N,  and  O.  Two  possible  solutions  are  the  use  of  filtered  metal  arc  vaporization  sources13'15 
and  the  use  of  plasma  discharges  in  high-vapor-pressure  organometallic  precursors.16  The 
principal  advantage  of  the  metal  arc  is  atomic  control  of  the  ions  produced  and  the  ability  to 
create  multiply-ionized  charge  states.  Vacuum  arc  sources  have  been  developed  for  a  wide 
range  of  metals  and  are  used  in  beamline  implants.  Their  use  in  PSII  systems  is  more  suited  to 
higher  doses  (>1017  cm'2)  and  lower  energies  (tens  of  keV)  than  the  usual  ranges  in 
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conventional  metal  ion  implantation.15  The  advantage  of  organometallic  precursors  is  their 
high  volatility,  which  translates  into  high  fill  pressures  and  high  plasma  densities,  which  in 
turn  allow  for  high  ion  currents  and  implantation  rates.  While  several  precursors  currently 
exist,  their  use  in  PSII  systems  remains  to  be  validated. 

IV.  SECONDARY  ELECTRON  EMISSION 

Secondary  electron  emission  is  another  important  feature  of  PSII.  As  each  ion  is 
implanted,  electrons  are  liberated  from  the  workpiece  and  are  rapidly  accelerated  through  the 
sheath  potential.  The  energetic  secondaries  stream  along  essentially  collisionless  trajectories 
until  they  strike  and  are  stopped  by  grounded  objects  such  as  the  vacuum  chamber  walls.  For 
many  of  the  envisioned  metallurgic  applications,  the  secondary  emission  yield  y  is  large,  often 
ranging  between  5  and  20. 17  Therefore,  uncontrolled  secondary  emission  could  reduce  PSII 
system  efficiencies  to  as  low  as  5%.  Furthermore,  the  bremsstrahlung  x-rays  produced  by 
energetic  electron  bombardment  of  the  chamber  walls  pose  a  potential  safety  hazard. 

Lead-shielding  is  a  conventional  technique  used  to  provide  x-ray  shielding  in  PSII  facilities. 
For  implantation  voltage  up  to  100  kV,  and  total  average  secondary  electron  currents  of  1  A,  lead 
thicknesses  of  7  mm  surrounding  a  vacuum  chamber  vessel  is  sufficient  to  maintain  low  x-ray  flux 
levels  that  usually  will  comply  ’with  safety  regulations.  For  many  applications,  however, 
implantation  voltages  well  in  excess  of  100  kV  are  desirable.  For  these  voltage  ranges,  the  use  of 
lead  shielding  becomes  impractical,  since  as  the  implantation  voltage  is  increased  from  100  to  300 
kV,  the  x-ray  absorption  cross  section  for  lead  drops  by  approximately  a  factor  of  20.  The  lead 
shielding  thickness  increase  required  to  accommodate  this  reduction  in  absorption  becomes 
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impractical.  Therefore,  there  is  a  need  for  methods  to  reduce  or  minimize  x-ray  production  in  a 
PSII  system. 

A  technique  used  to  suppress  secondary  x-ray  generation  and  possibly  increase  system 
efficiency,  is  illustrated  in  Fig.  4. 18  The  technique  is  based  on  electrostatic  confinement  of  the 
secondary  electrons.  Secondaries  are  trapped  within  a  metal  enclosure  supported  from  the 
vacuum  chamber  walls,  which  is  biased  to  the  same  electrical  potential  as  the  workpiece.  A 
remote  plasma  source  produces  a  plasma  near  ground  potential.  A  plasma  sheath  forms  around 
the  part,  as  well  as  along  the  entire  surface  of  the  enclosure.  When  voltage  is  applied  to  the 
workpiece,  it  also  is  applied  to  the  entire  enclosure.  The  applied  voltage  develops  across  the 
sheath  between  the  plasma  and  the  workpiece,  and  also  between  the  plasma  and  the  enclosure. 
Therefore,  ions  are  implanted  into  both  the  workpiece  and  the  enclosure.  Secondary  electrons 
emitted  from  the  workpiece  and  the  enclosure  are  repeatedly  reflected  within  the  interior  of  the 
enclosure,  and  they  are  prevented  from  impacting  the  grounded  vacuum  chamber  walls.  The  only 
grounded  surface  available  for  x-ray  production  is  the  plasma  source,  whose  area  can  be 
minimized.  The  secondary  electrons  may  dissipate  their  energy  into  the  plasma  during  reflections 
from  the  enclosure  walls,  possibly  aiding  in  the  production  of  additional  plasma.  This  could 
increase  the  efficiency  of  the  PSII  system  by  transferring  secondary-electron  energy  into  the 
plasma  production  process. 

Recent  experiments  using  this  technique  at  the  Hughes  Research  Laboratory  at  50  kV 
voltage  levels  have  reduced  the  unshielded  x-ray  level  from  20  mrad/hour  to  a  level  below  the 
minimum  detection  limit  (<  0.2  mrad/hour).  At  80  -kV  operation,  the  unshielded  x-ray  level  is 
reduced  by  a  factor  of  four.  Experiments  were  conducted  with  an  enclosure  constructed  from  the 
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same  material  as  the  workpiece  to  ensure  that  the  secondaiy  electron  yield  for  all  surfaces  was  the 
same.  PSII  was  conducted  with  N2+  ions  with  and  without  the  enclosure  in  place,  ensuring  that  the 
total  average  current  from  the  high-voltage  pulser  was  maintained  constant.  This  ensured  that  the 
total  incident  ion  current  to  all  the  interior  surfaces  of  the  enclosure  was  the  same.  X-ray 
dosimeter  readings  at  an  unshielded  glass  window  located  at  the  front  of  the  vacuum  chamber  are 
shown  in  Table  I.  Uniform  Dr  of  lxl017cm"2  have  been  confirmed  with  secondary  ion  mass 
spectroscopy  on  implanted  6x6  mm  stainless  steel  coupons  affixed  at  various  locations  to  the 
workpiece  and  enclosure  walls  during  the  PSII  experiments. 

There  exist  other  proposed  (but  unproven)  techniques  for  suppressing  secondary 
electrons.  One  method  involves  using  negative  ions  and  positive  accelerating  voltages. 
Negative  ion  sources  have  been  developed  for  high-energy  particle  accelerators.  The 
extrapolation  of  these  sources  to  supply  the  large  average  currents  demanded  by  PSII  remains  a 
challenge;  furthermore,  maintaining  a  high  negative  ion  to  electron  density  ratio  will  be 
essential  to  minimize  unwanted  primary  electron  currents  and  x-ray  emission.  A  second  method 
uses  multiply-charged  ions  which  will  reduce  the  required  acceleration  voltage,  bremsstrahlung 
generation,  and  shielding  requirements.  Indeed  vacuum  arc  sources  are  well  known  for  their 
ability  to  produce  multiply-charged  species.14  However,  with  multiply-charged  ions  come 
increased  secondary  electron  yields  which  must  also  be  contended  with  and  accounted  for.  A  third 
method  uses  an  externally  applied  magnetic  field.19  Secondary  electrons  are  trapped  in  the  field  to 
form  a  virtual  cathode  layer  near  the  workpiece  surface  where  the  local  electric  field  is 
substantially  reduced.  Subsequent  electrons  that  are  emitted  can  then  be  reabsorbed  by  the 
workpiece.  The  magnitude  of  B  is  chosen  so  that  secondary  electron  trajectories  are  greatly 
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altered,  while  ion  motion  is  only  slightly  perturbed.  With  this  technique,  care  must  be  taken  in 
using  it  in  conjunction  with  magnetic  workpieces  (such  as  steel  components  or  dies)  which  can 
alter  the  magnetic  field  being  used  for  secondary-electron  trapping,  or  may  itself  become 
permanently  magnetized  during  the  process. 

V.  CONCLUSION 

The  appeal  of  PSII  is  that  it  enables  one  to  apply  the  well-known  benefits  of  ion 
implantation  in  a  quick  and  cost-effective  manner  to  complex  shapes.  However,  to  take  full 
advantage  of  the  non-line-of-sight  property  of  PSII,  it  is  important  to  maintain  sufficiently 
small  sheath  thickness  to  insure  a  uniform  implant.  In  some  cases,  this  can  not  be  easily 
accomplished  because  pulsed  power  supplies  are  incapable  of  driving  the  relative  low  load 
impedance  that  results  from  small  sheaths.  As  a  compromise,  additional  fixturing  or  multiple 
workpiece  configurations  should  be  implemented  to  eliminate  edge  field  phenomenon  that 
affect  implant  uniformity.  Another  limitation  at  the  present  time  is  the  availability  of  additional 
ion  species  beyond  B,  C,  N,  and  O.  Both  vacuum  arc  and  volatile  organometallic  ion  sources 
have  been  developed  to  enable  PSII  with  metallic  ions.  Finally,  substantial  secondary  electron 
omission  often  accompanies  PSII,  limiting  electrical  system  efficiencies.  While  the  suppression 
of  secondaries  remains  an  ongoing  part  of  current  research,  virtually  all  PSII  devices  are 
operated  without  any  secondary  electron  control.  Consequently,  adequate  x-ray  shielding  is  an 
important  part  of  any  PSII  machine.  It  should  be  noted,  however,  that  cost  projections20  for 
commercial  PSII  indicate  that  the  poor  efficiencies  caused  by  secondary  electron  losses  do  not 
dramatically  alter  the  overall  expenses  since  the  additional  capital  and  utility  costs  for  the  high- 
voltage  pulser  system  are  a  relatively  minor  part  of  the  total  expense. 
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Table  I.  Effect  of  electrostatiuc  confinement  on  PSII  x-ray  emission 


V  (kV) 

Total  current 
to  plasma  (mA) 

Enclosure  used? 

Dosimeter  reading 
(mRad/hr) 

50 

20 

No 

20 

50 

20 

Yes 

<<  1 

75 

15 

No 

85 

75 

15 

Yes 

20 
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FIGURE  CAPTIONS 


Fig.  1  Particle-in-cell  simulations  of  PSII  into  two  automotive  pistons  for  initial  plasma 
C2H2+  densities  n0  of  (a)  2.5xl014,  (b)  1015,  and  (c)  1016  ions/m3.  Positions  of 
electrons  (red)  and  ions  (blue)  are  plotted  for  times  t=  80,  180,  and  480  ns  into  the 
PSII  pulse. 

Fig.  2  Time-integrated  average  energy  E,  implanted  dose  D;,  and  mean  angle  of  incidence  9 
of  implanted  ions  along  the  outer  surface  of  the  pistons  for  initial  plasma  C2H2+ 
densities  n0  of  (a)  2.5xl014,  (b)  1015,  and  (c)  1016  ions/m3  at  times  t=  80,  180,  and 
480  ns. 

Fig.  3  (a)  Computed  profiles  for  a  D;  =  2  xlO17  cm-2  implant  of  12  keV  carbon  into 
aluminum  with  angle  of  incidence  0  =  0,  20,  40,  and  60°.  (b)  Retained  dose  Dr  as  a 
function  of  0. 

Fig.  4  Control  of  secondary  electrons  by  a  biased  enclosure. 
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ABSTRACT 

Characteristics  of  iron  discs  implanted  with  boron  using  a  high-current-density,  broad- 
beam  system  with  a  rapid  processing  capability  are  examined.  The  effects  of  ion 
implantation  temperature  (150-900  °C),  energy  (7-50  keV)  and  current  density  (200- 
1000  ^A/cm2)  on  the  microstructures  and  thicknesses  of  layers  implanted  with  B  are 
examined  using  Auger  electron  spectroscopy,  X-ray  diffraction  and  conversion  electron 
Mossbauer  spectroscopy.  Boron  condensation  on  a  surface  is  observed  during  implantation 
unless  the  combination  of  energy  and  temperature  are  sufficiently  great  to  prevent  it.  The 
microstructures  observed  when  conditions  enable  B  penetration  are  amorphous,  FejB  and 
Fe2B.  It  is  argued  that  the  relative  balance  between  the  rate  of  B  implantation  into  and 
temperature-controlled  diffusion  out  of  the  ballistic  layer  determine  the  microstructure  that 
forms.  Preliminary  wear  tests  show  a  layer  containing  Fe2B  in  an  a-Fe  matrix  that  was 
formed  at  the  highest  temperature  investigated  (900  °C)  yields  the  most  wear-resistant 
surface. 
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INTRODUCTION 

Nitrogen  and  carbon  ion  implantation  have  been  shown  to  offer  effective  tribological 
treatments  on  ferrous  surfaces  particularly  when  the  implantation  occurs  under  high  current 
density,  elevated-temperature  conditions  where  the  treatment  is  rapid  and  the  resulting 
surface  layers  are  relatively  thick  [1,2,3],  The  processing  is  also  attractive  because  it  can  be 
carried  out  at  low  implantation  energies  using  inexpensive  equipment  and,  compared  to  the 
competing  nitriding  and  carburizing  processes,  it  affords  great  improvements  in  the  control  of 
final  surface  properties  [2],  Low  implantation  energies  are  also  attractive  because  they 
mitigate  implantation  temperature  control  problems  at  the  high  current  densities  where  rapid 
processing  is  realized. 

Boronizing,  a  diffusion  process  that  is  similar  to  nitriding  and  carburizing,  yields  a 
very  hard,  wear-resistant  surface  on  ferrous  materials.  In  fact  comparative  tests  reported  by 
Budinski  [4]  have  shown  that  boronized  surfaces  exhibit  adhesive  and  abrasive  wear  rates  that 
are  one-fifth  to  one-seventh  of  those  observed  with  nitrided,  carburized  or  carbonitrided 
surfaces.  Companies  offering  boronizing  services  also  claim  dramatic  increases  in  the 
resistance  of  boronized  low-alloy  iron  and  austenitic  steel  surfaces  to  acid  attack  [5].  An 
additional  attractive  feature  of  a  boronized  surface  relates  to  the  tendency  for  boron  on  a 
tribological  surface  to  combine  with  the  moisture  in  air  and  form  boric  acid.  This  acid  has  a 
layered  crystal  structure  that  makes  it  an  effective  solid  lubricant  [6].  In  spite  of  the 
attractive  characteristics  of  B-rich  surface  layers,  boronization  of  ferrous  surfaces  has  not 
achieved  widespread  acceptance  apparently  because  of  the  high  treatment  temperatures 
required  (900  -1100  °C)  and  because  the  resulting  boride  surface  layers  are  frequently  brittle 
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and,  therefore,  susceptible  to  failure  [7].  Studies  have  shown  that  brittleness  develops  when 
the  boride  phases  Fe2B  and  FeB  are  both  present  in  the  layer  and  that  Fe^  is  the  preferred 
phase  [5,7].  It  is  difficult  to  control  the  boronizing  process  so  only  the  Fe2B  phase  forms, 
however,  because  the  diffusion  rate  of  B  through  Fe2B  is  slow  and  B  tends  to  be  released 
from  a  boronizing  compound  packed  next  to  a  surface  so  rapidly  that  FeB  forms  [5,8]. 

Other  shortcomings  of  boronization  relate  to  problems  with  contamination  and  the  control  of 
stresses  in  the  treated  layer. 

Boron  ion  implantation  represents,  an  attractive  alternative  to  boronization  because 
implantation  temperature,  which  determines  the  B  diffusion  rate,  and  implantation  current 
density  (which  determines  the  B  supply  rate)  can  be  controlled  independently  with  good 
precision.  Hence,  it  should  be  possible  to  control  the  concentration  of  B  in  the  surface  layer 
and  produce  a  specific  microstructure,  presumably  Fe2B  for  tribological  applications.  The 
objective  of  this  paper  is  to  demonstrate  the  extent  to  which  the  microstructure  of  a  boron- 
implanted  surface  layer  can  be  controlled.  This  control  should  be  realized  through  the  proper 
selection  of  the  implantation  parameters;  which  are  surface  temperature,  ion  energy,  ion 
current  density  and  implantation  time  or  implanted-ion  dose. 
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APPARATUS  AND  PROCEDURES 


Pure  a-Fe  (99.5%)  in  a  fully  annealed  state  was  selected  as  the  substrate  material  for 
this  initial  study  because  the  microstructures  being  produced  are  not  masked  by  alloying 
elements  that  are  present  in  steels.  Test  specimens  were  4.8  cm  diam.  discs  that  were 
polished  to  a  mean  roughness  (Ra)  of  0.015  /on.  Boron  was  implanted  using  a  metal  ion 
implanter  [9]  that  employs  a  cylindrical,  graphite  discharge  chamber  in  which  electron 
bombardment  of  gas-phase,  atomic  boron  is  employed  to  produce  B  ions.  The  resulting  ions 
are  accelerated  to  implantation  energies  in  an  electric  field  maintained  between  two  plates 
located  on  one  end  of  the  chamber.  The  ions,  which  are  extracted  through  aligned  holes  in 
the  plates,  are  directed  at  a  target  (disc)  surface  with  an  energy  determined  by  the  potential 
difference  maintained  between  the  chamber  and  the  surface.  The  current  density  in  the 
extracted  ion  beam,  which  is  ~  5  cm  in  diam.  at  the  target  location,  is  maintained  by 
controlling  the  intensity  of  the  electrical  discharge  in  the  chamber.  The  gas-phase  boron 
required  is  vaporized  from  solid  B  in  a  crucible  in  the  chamber  at  a  rate  that  is  controlled  by 
the  product  of  the  crucible  potential  and  the  electron  current  drawn  to  the  crucible  from  the 
chamber  plasma.  The  chamber  itself  is  maintained  at  a  sufficiently  high  temperature  so  B 
condensation  on  chamber  walls  will  be  minimized. 

The  implanter  can  be  operated  at  current  densities  ranging  from  100  to 
>  1000  /iA/cm2  and,  if  changes  in  the  configuration  of  the  ion  extraction  plates  are  made,  at 
ion  energies  over  the  range  from  2  to  50  keV.  Temperatures  are  measured  during 
implantation  using  a  thermocouple  located  near  the  surface  of  each  disc  during  processing. 
Temperatures  are  controlled  by  balancing  the  rate  at  which  heat  is  being  lost  by  conduction 
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and  radiation  from  the  discs  against  the  input  thermal  power  from  the  beam.  The  rate  of 
heat  loss  is  controlled,  in  turn,  by  using  an  appropriate  level  of  electrical  resistance  heating 
or  chilled-water  cooling  of  a  plate  on  which  the  discs  are  mounted. 

Auger  electron  spectroscopy  (AES)  was  used  with  elemental  sensitivity  factors  to 
determine  concentration  depth  profiles  in  implanted  discs.  Sputtering  between  measurements 
was  accomplished  using  a  4  keV,  Ar+  ion  beam  at  55°  from  normal.  Profilometric 
measurement  of  a  typical  crater  indicated  the  mean  sputtering  rate  was  about  0.025  fim/min. 
Significant  oxygen  and  carbon  AES  signals  were  measured  within  —0.1  /4m  of  the  surfaces 
of  some  discs;  their  effect  is  to  depress  the  B  concentration  in  this  region.  Microstructures 
present  in  the  discs  were  determined  using  conversion  electron  Mossbauer  spectroscopy 
(CEMS)  for  near-surface  regions  (  —  0.1  fi m)  and  x-ray  diffraction  (XRD)  in  the  standard 
Bragg-Brentano  geometry  with  Cu-Ka  radiation  over  a  greater  depth  (—1  ^m)[10]. 

Implanted  and  unimplanted  disc  surfaces  were  wear  tested  using  an  oscillating  pin-on- 
disc  tribometer  designed  to  wear  a  relative  large  surface  uniformly  [11].  This  tribometer  has 
been  found  to  be  particularly  well  suited  to  the  measurement  of  wear  rates  when  treated 
layers  are  thin.  For  these  tests  a  boundary  lubricant  (10  volume  %  oleic  acid  in  kerosene) 
was  flushed  over  the  disc  and  this  resulted  in  friction  coefficients  near  0.1.  In  all  cases 
unimplanted  a-Fe  pins  having  hemispherical  heads  with  a  0.32  cm  radius  of  curvature  and  a 
mean  roughness  Ra  <  0.02  /*m  were  used  as  the  counterfaces.  The  pins  were  oscillated 
radially  inward  and  outward  at  0.2  Hz  to  wear  a  1-cm-wide  band  on  the  discs  at  a  mean 
sliding  speed  of  13  cm/sec  and  a  normal  load  of  5  N  (corresponding  to  an  initial  Hertzian 
stress  of  1.1  GPa).  Disc  wear  depths  were  determined  by  removing  and  weighing  the  discs 
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with  a  balance  accurate  to  + 10  figm.  Weight  losses  were  divided  by  the  density  of  the  disc 
material  and  the  areas  of  the  worn  regions  to  obtain  the  wear  depths. 
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RESULTS 


The  B  concentration  depth  profiles  measured  using  AES  on  four  discs  implanted 
under  different  conditions  are  shown  in  Fig.  1.  They  show  B  concentrations  that  range  to 
—  40  at.%  and  depths  estimated  using  the  AES  system  sputtering  rate  (—0.025  /xm/min)  to 
be  as  much  as  0.4  pm.  The  disc  implanted  at  the  lowest  temperature  (300  °C)  and  40  keV 
yields  the  profile  expected  for  ballistic  implantation  (i.e.  with  negligible  thermal  diffusion). 

As  the  implantation  temperature  is  increased  to  550  and  then  700  C°,  the  data  suggest 
thermal  diffusion  effects  are  sufficient  to  cause  the  layer  depths  to  grow  to  —0.25  and 
-0.4  pm,  respectively.  For  these  three  discs  the  implantation  energies  were  relatively  high 
(>40  keV)  and  comparison  of  the  implanted  doses  (i.e.  the  current  density-time  products) 
and  the  retained  doses  (integrated  values  from  Fig.  1  curves)  show  substantial  fractions  of  the 
implanted  B  ions  are  retained  in  the  layers  (-50  to  80%).  When  the  energy  is  reduced  to 
7  keV,  however,  the  other  data  set  in  Fig.  1  shows  a  low  B  concentration  is  realized,  even  at 
the  greater  temperature  of  700  °C  and  a  high  dose  level  (—  8xl018  B+/cm2).  The  retained 
dose  in  this  case  is  estimated  on  the  basis  of  the  AES  data  in  Fig.  1  and  complimentary 
secondary  ion  mass  spectrometric  data  to  be  less  than  10%.  This  low  retention  is  considered 
to  be  caused  by  a  high  B  vaporization  temperature  which  facilitates  B  condensation  on 
surfaces  being  implanted  if  the  energy  and/or  temperature  are  too  low.  The  relationship 
between  the  temperature  and  energy  where  condensation  occurs  is  uncertain,  but  the  Fig.  1 
data  indicate  7  keV  is  marginal  at  700  °C  and  another  test  showed  condensation  occurred  at 
20  keV  when  the  temperature  was  150  °C.  In  contrast,  thick  N-rich  layers  are  produced  at 
energies  and  temperatures  as  low  as  1  keV  and  400  °C  [1]  because  N  doesn’t  condense.  The 
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condensation  effect  is  also  observed  during  C  implantation  where  diamondlike-carbon 
coatings  are  formed  if  temperatures  and  energies  are  low  [12]. 

The  microstructures  formed  at  the  300  °C,  40  keV  implantation  condition  are 
indicated  by  the  XRD  and  CEMS  data  given  in  Fig.  2.  Figure  2a  shows  XRD  peaks 
associated  with  bcc  a-Fe  and  this  suggests  it  is  the  only  crystalline  material  in  a  l-^m-thick 
surface  layer.  De-convolution  of  the  CEMS  data  of  Fig.  2b,  which  characterize  a  thinner 
(—0.1  /xm)  surface  layer,  yields  the  a-Fe  signature  and  a  broad  signal  designated  "a"  that  is 
suggestive  of  an  amorphous  material  rather  than  distinct  boride  phases.  The  amorphous 
phase  is  characterized  by  the  hyperfine  field  probability  distribution  shown  in  Fig.  2c.  This 
plot  shows  a  broad  distribution  that  is  again  typical  of  amorphous  materials  rather  than  the 
sharp  peaks  that  characterize  crystalline  ones.  Boron-induced  amorphization  of  a-Fe  has 
been  observed  previously  under  lower  temperature  conditions  at  about  the  same  dose  levels 
that  yielded  the  data  of  Fig.  2  [13]. 

Increasing  the  implantation  temperature  to  550  and  700  °C  yielded  the  CEMS 
spectra  given  in  Figs.  3  and  4.  Both  show  the  crystalline  Fe2B  microstructure  is  dominant 
within  0.1  [i m  of  the  surface;  61%  and  82%  of  the  CEMS  signal  comes  from  this  phase  at 
the  550  and  700  °C  implantation  conditions,  respectively.  The  greater  signal  strength  for  the 
700  °C  processing  is  consistent  with  the  greater  layer  thickness  shown  in  Fig.  1.  The  non¬ 
magnetic  Fe-B-0  signal  shown  on  Fig.  3  is  indicative  of  oxygen  contamination  near  the 
surface  of  the  550  °C  disc.  This  contamination,  which  was  also  observed  in  the  AES  data 
for  this  disc,  is  the  cause  of  the  dip  in  B  concentration  apparent  in  the  Fig.-l  data  at 
sputtering  times  <  3  min.  It  is  postulated  that  this  oxygen  contamination  comes  from  water 
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that  is  adsorbed  on  the  boron  in  the  crucible  when  it  is  exposed  to  the  atmosphere.  It 
appears  this  contamination  has  been  controlled  in  other  discs  by  heating  the  crucible  to  drive 
off  the  water  before  implantation  is  initiated. 

Figure  5  shows  CEMS  data  from  a  disc  implanted  at  a  still  greater  temperature 
(900  °C)  at  an  energy  and  current  density  of  24  keV  and  600  ft A/ cm2,  respectively,  for  30 
min.  This  energy-temperature  combination  is  sufficient  to  assure  the  B  did  not  coat  on  the 
surface.  The  data  suggest  a  thin  (-0.1  n m)  layer  that  is  a  mixture  of  a-Fe  (67%)  and  iron 
borides  (33%  -  mostly  Fe2B).  This  signal  could  be  coming  from  either  a  layer  of  iron  boride 
on  an  a-Fe  substrate  or  a  mixture  of  the  borides  in  an  iron  matrix. 

X-ray  diffraction  data,  which  reveal  microstructures  present  in  the  surface  layers 
extending  to  —  1  y.va,  are  shown  in  Fig.  6.  The  three  spectra  at  the  bottom  suggest  with 
some  ambiguity  that  the  dominant  microstructures  observed  in  the  CEMS  data  are  confirmed 
by  the  XRD  measurements.  The  bottom  plot  (the  300  °C-40  keV  data  reproduced  from 
Fig.  2a)  shows  only  the  a-Fe  signal  indicative  of  a  substrate  covered  by  a  thin  amorphous 
layer.  The  next  two  spectra  (for  550  and  700  °C  both  at  50  keV)  suggest  Fe^B  is  dominant 
with  the  700  °C  one  yielding  the  stronger  signals  expected  from  the  thicker  layer.  The  disc 
implanted  at  700  °C  and  7  keV  has  not  been  examined  by  CEMS,  but  it  has  an  XRD 
spectrum  indicative  of  Fe^B  and  this  is  consistent  with  the  relatively  low  B  concentrations 
shown  in  Fig.  1  for  this  disc.  Finally,  the  upper  spectrum  (900  °C,  24  keV),  shows  a  strong 
Fe2B  signal  indicative  of  a  substantial  concentration  of  this  phase  extending  to  1  /tm  on  the 
disc.  Taken  together  with  CEMS  results,  this  suggests  a  layer  of  Fe^B  in  an  a-Fe  matrix 
was  produced  in  this  disc. 
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The  sliding  wear  behaviors  of  two  of  the  implanted  discs  are  compared  to  that  of  an 
unimplanted  a-Fe  disc  in  Fig.  7.  The  unimplanted  disc  shows  a  wear  rate  (slope)  that  is 
high  initially  and  drops  to  a  steady  value  after  the  surface  has  work  hardened  (~  10  hr).  All 
B-implanted  discs  that  have  been  tested  to  date  show  initial  wear  rates  that  are  lower  (similar 
to  that  shown  in  Fig.  7  for  the  300-°C-40-keV  disc  with  the  amorphous  layer).  This  disc 
wears  at  a  lower  rate  for  about  10  hr  and  then  the  rate  approaches  the  terminal  rate  for  the 
unimplanted  discs.  The  mass  loss  at  the  point  where  the  rate  appears  to  change  (~  1  mg) 
corresponds  to  wear  removal  of  a  layer  with  a  thickness  approximately  equal  to  the  ballistic 
depth  of  the  implanted  ions  (i.e.  the  depth  of  the  layer  from  Fig.  1  which  is  ~0.1  pm).  It  is 
noteworthy  that  a  CEMS  measurement  made  after  the  treated  layer  had  been  partially  worn 
away  suggested  the  strength  of  the  amorphous  signal  decreased  as  the  wear  progressed  and 
indicated  that  the  layer  was  being  removed  quite  uniformly.  The  disc  implanted  at  900  °C 
shows  a  substantially  lower  wear  rate  that  the  amorphous  one  and  it  is  comparable  to  those 
achieved  with  implanted  C  and  N  [3].  The  CEMS  and  XRD  data  indicated  this  layer 
contained  FejB  precipitates  in  an  iron  matrix  and  the  precipitation  hardening  that  this  would 
induce  could  explain  the  low  wear  rate  it  exhibits. 
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DISCUSSION 


The  data  of  Fig.  1  show  that  B  implantation  at  elevated  temperatures  enables  growth 
of  the  treated  layer,  but  the  combination  of  energy  and  temperature  must  be  sufficient  to 
prevent  B  condensation  on  the  surface.  It  is  postulated  that  the  particular  microstructure  that 
forms  is  determined  by  the  relative  balance  between  the  rates  at  which  B  is  supplied 
(implanted)  and  lost  from  the  ballistic  region  by  diffusion.  If  the  supply  rate  is  low  either 
because  the  implantation  current  density  is  low  or  the  ions  are  unable  to  penetrate  a  surface 
barrier  like  a  condensed-B  coating,  a  layer  rich  in  Fe  (e.g.  Fe3B)  tends  to  form.  At 
energy/temperature  conditions  where  no  surface  barrier  formed  and  current  densities  were 
moderate  (200  /xA/cm2)  Fe2B  formed  over  the  temperature  range  from  at  least  550  to 
700  °C.  At  a  greater  current  density  (600  fcA/cm2)  and  temperature  (900  °C)  the  Fe2B 
precipitated  in  the  a-Fe  matrix  thereby  forming  a  very  wear-resistant  surface.  Thus,  the 
microstructure  preferred  for  boronizing  O^B)  is  formed  quite  readily  by  implanting  B.  It 
has  also  been  shown  that  an  amorphous  layer  is  produced  when  low  doses  and  temperatures 
are  used  and  the  energy  is  sufficient  to  enable  penetration.  Taken  together,  these  results 
suggest  that  essentially  any  preferred  microstructure  can  be  produced  in  a  treated  layer  by 
controlling  implantation  conditions.  Wear  test  results  must  be  considered  preliminary  at  this 
point,  but  they  suggest  all  of  the  B  implantation  of  a-Fe  improves  its  wear  resistance,  but  the 
precipitation-hardened  surface  is  most  beneficial. 
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ABSTRACT 

In  this  paper  we  present  the  use  of  plasma-based  ion  implantation  (PBH)  and  plasma-based 
electron  bombardment  (PBEB)  for  large-scale  surface  modification  of  materials  that  has  been  under 
development  at  Hughes  Research  Laboratories  (HRL).  In  PBII,  a  part  to  be  implanted  is  immersed 
in  a  gaseous-  or  metal-ion  plasma  and  pulse  biased  to  a  high,  negative  potential  (20-250  kV)  to 
implant  positively-charged  ions  omnidirectionally  and  simultaneously  over  the  part  surface.  In 
PBEB,  the  polarity  of  the  pulse-bias  is  reversed  to  bombard  negatively-charged  electrons 
omnidirectionally  and  simultaneously  over  the  part  for  surface  or  bulk  heating.  Both  PBH  and 
PBEB  have  been  conducted  at  100-kV,  100-kW  levels  in  a  1.2-m-diameter  x  2.4-m-long  vacuum 
chamber  to  achieve  novel  surface  hardening,  bulk  hardening,  as  well  as  surface  alloying  and  brazing 
of  large-scale  objects.  Major  emphasis  of  the  PBII  process  is  in  the  development  of  hard-coatings 
for  wear  resistance  of  tools,  dies  and  molds  used  in  automotive  and  aerospace  applications.  As 
examples,  we  show  the  use  of  PBII  to  achieve  an  8x  improved  wear  life  of  TiN-coated  cutting  tools 
subjected  to  multiple  regrinds  under  actual  gear-manufacturing  wear  conditions.  TiN-coated 
foundry-mold  blocks  post  implanted  via  the  PBII  process  demonstrate  a  >2.5x  improved  wear  life 
under  high-compression,  sand-abrasion  manufacturing  wear  conditions.  TiN-mixed  layers  prepared 
with  the  PBII  process  achieve  a  3x  times  reduced  wear  of  steel  die  materials  subjected  to 
accelerated  laboratory  wear  conditions.  Major  emphasis  of  the  PBEB  process  is  in  developing 
advanced  heat-treatment  techniques  for  automotive  and  aerospace  components.  As  examples,  we 
show  the  use  of  the  PBEB  process  to  normalize  and  surface-harden  pinion  gears  in  a  faster,  more 
efficient  manner  than  achieved  using  conventional  heat-treat  techniques.  Other  uses  of  PBEB  will 
be  discussed,  including  brazing  and  melting  of  materials  for  surface-alloying  applications. 
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INTRODUCTION 

There  are  three  types  of  surface  treatments  that  can  be  conducted  to  improve  the  tribological 
(friction  and  wear)  properties  of  materials;  the  surface  can  be  coated,  heat  treated,  or  implanted.  In 
each  of  these  techniques,  plasmas  have  been  used  to  enhance  conventional  surface-treatment 
processes.  For  example,  in  plasma-assisted  chemical-vapor  deposition  (CVD)  and  physical  vapor 
deposition  (PVD),  hard  coatings  for  wear  resistance  can  be  deposited  onto  large-scale,  complex 
surfaces  at  lower  temperatures  and  at  faster  rates  than  in  conventional  CVD  or  PVD  alone.1  In 
plasma-based  nitriding  or  carburizing  of  steels  for  wear  improvement,  a  faster,  more  uniform  heat 
treatment  can  be  conducted  compared  to  conventional  gas  nitriding  and  carburizing.2  In  plasma- 
based  ion  implantation  (PBII)3  the  treatment  capabilities  of  conventional  ion-beam  implantation  can 
be  extended  to  allow  for  larger-scale,  faster,  and  potentially  more  cost-effective  implants  of  objects. 
Finally,  in  plasma-based  electron  bombardment  (PBEB),4  the  capabilities  of  conventional  electron- 
beam  or  laser-beam  hardening5  can  be  extended  to  faster  and  more  uniform  treatment  of  larger  size 
parts,  or  the  simultaneous  treatment  of  larger  numbers  of  small-scale  parts.  In  this  paper,  we 
describe  the  physics  and  technology  of  PBII  and  PBEB  for  improving  the  tribological  properties  of 
tools,  dies,  and  components.  We  first  present  a  process  description  of  the  two  technologies  followed 
by  a  description  of  experimental  hardware.  We  then  present  recent  results  of  the  use  of  the  two 
technologies  for  improving  the  tribological  properties  of  tools,  dies,  and  components  used  in  the 
automotive  and  aerospace  industries. 

Process  Description  of  PBII 

Detailed  reviews  of  the  PBII  process  can  be  found  in  separate  publications.6"8  Here  we  present  a 
discussion  of  the  salient  features  of  the  PBII  process  to  serve  as  a  basis  for  later  considering  the 
PBEB  process. 

In  PBII,  part  is  placed  in  a  vacuum  chamber  that  is  filled  with  a  plasma  containing  ions  to  be 
implanted.  The  plasma  can  be  comprised  of  metal  or  gaseous  ions.  For  gaseous  ions  such  as 
nitrogen,  partially-ionized  (0.1-10%)  plasmas  are  typically  produced,  in  a  neutral-gas  operating 
pressure  range  of  10"5  - 10'3  Torr,  with  plasma  densities  in  the  range  of  108  - 1011  cm-3.  For  metal 
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ions,  fully-ionized  plasmas  are  typically  produced  with  similar  plasma  densities  as  for  gaseous  ions. 
The  plasma  density  affects  the  degree  to  which  the  plasma  sheath  can  conform  to  the  surface 
features  of  the  part  —  with  higher  values  of  the  plasma  density  conforming  better  than  lower 
densities.  The  pulse  modulator  biases  the  part  to  a  high,  negative  potential  (typically  ranging  from 
20-100  kV)  using  short-duration  (10-30  psec),  repetitive  (100-2000  Hz)  voltage  pulses  which 
develop  across  the  sheath  surrounding  the  part.  Plasma  ions  undergo  collisionless  acceleration 
across  the  sheath  and  are  implanted  omnidirectionally  and  simultaneously  over  the  entire  surface  of 
the  part.  This  allows  for  implantation  of  part  sizes  not  previously  possible  or  practical  using 
conventional  ion-beam  implantation.  The  implantation  of  ions  into  the  part  surface  causes  the 
emission  of  secondary-electrons,  which  are  then  re-accelerated  across  the  plasma  sheath  and  impact 
the  chamber  walls  with  the  full  pulse-bias  energy,  causing  x-ray  production  that  must  be  shielded 
for  safety. 

Figure  1  shows  a  sample  of  PBII  technology  capabilities  that  have  been  developed  for 
tribological  applications  at  several  facilities  throughout  the  world,  plotted  as  implantation  voltage 
vs.  pulse-modulator  power.  PBII  has  been  demonstrated  to  be  routinely  conducted9*10  at 
implantation  voltages  up  to  100  kV.  Recent  advances11  have  also  established  the  feasibility  to 
extend  the  voltage  capability  to  as  high  as  250  kV.  Continuous,  total  pulse-modulator  power  levels 
of  100  kW  at  100  kV  have  also  been  demonstrated.  Pulsed  ion-current  densities  from 
0. 1-10  mA/cm2  have  been  achieved  at  100  kV  with  total  average  currents  of  1  A.  Vacuum  chamber 
sizes  used  in  PBII  range  in  volume  from  0.5  m3  to  8  m3  to  explore  scaling  issues12'14  in  the 
treatment  of  parts.  Key  issues  in  PBII  technology  related  to  packing  density  of  parts,  plasma 
conformity  requirements,  and  x-ray  issues,  are  addressed  in  a  separate  publication.15 

Process  Description  of  PBEB 

In  PBEB,  a  part  to  be  heated  via  electron  bombardment  is  placed  in  a  vacuum  chamber  that  is 
filled  with  a  plasma.  This  chamber  may  be  the  same  as  that  used  in  PBII.  The  plasma  can  be 
comprised  of  any  gas  such  as  nitrogen  or  argon,  since  the  only  essential  issue  is  the  production  of 
plasma  electrons.  The  neutral  gas  pressure  is  kept  below  10'4  Torr,  and  plasma  densities  can  range 
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from  108  -  101 1  cm-3.  The  neutral  gas  pressure  is  kept  below  10*4  Torr  to  minimize  current 
runaway  (leading  to  arcing)  during  a  single  pulse.4  The  plasma  density  allows  the  part  to  be 
enveloped  by  a  sheath  that  conforms  to  its  general  features.  The  pulse  modulator  biases  the  part  to 
high,  positive  potential  (typically  ranging  from  20-100  kV),  using  short-duration  (10-30  psec), 
repetitive  (100-2000  Hz)  voltage  pulses.  Electrons  are  accelerated  into  the  part  to  heat  it 
omnidirectionally  and  simultaneously.  This  allows  for  uniform  surface  heating  of  part  sizes  not 
previously  practical  using  conventional  electron-beam  or  laser-beam  heating  techniques.  The 
bombardment  of  plasma  electrons  into  the  part  surface  in  PBEB  does  not  cause  secondary  electron 
emission.  Instead,  x-ray  production  occurs  due  to  the  direct  impact  of  the  plasma  electrons  into  the 
part  surface.  Therefore,  x-ray  shielding  is  still  an  issue  that  must  be  contended  with  for  safety. 
When  conducting  PBEB  for  heat  treatment  of  parts,  it  is  important  that  the  surface  area  of  the  parts 
be  small  compared  to  the  surface  area  of  the  chamber.  This  prevents  perturbation  of  the  plasma 
potential  and  allows  the  applied  pulse  bias  to  accelerate  plasma  electrons  across  a  plasma  sheath  that 
surrounds  the  part.16-1 7  The  actual  sheath  dynamics  in  PBEB  have  not  been  studied  in  detail  and 
will  be  the  topic  of  a  future  publication. 

PBEB  can  be  conducted  in  two  different  modes  of  operation.  The  first  mode  is  a  rapid,  high- 
power,  burst-train  mode  (interaction  or  treatment  time  of  0.5-5  sec),  which  is  used  to  achieve  rapid 
and  preferential  surface  heating  of  a  part  without  significantly  heating  the  part  interior.  The  second 
mode  consists  of  a  low-  or  high-power,  continuous-train  mode  (interaction  of  treatment  time  of 
1  min-2  hrs),  which  is  used  to  achieve  uniform  surface  and  bulk  heating  of  the  part.  In  either  mode, 
a  separate  forced-quenching  technique  (such  as  high-pressure  gas  or  oil  quenching)  can  be  used  to 
assist  in  the  desired  treatment  process.  PBEB  has  been  demonstrated  at  the  100-kV,  100-kW  power 
levels  to  conduct  both  modes  of  operation,  with  and  without  forced  quenching.  In  the  burst  mode, 
pulsed-electron  current  densities  as  high  as  4  A/cm2  at  100  kV  voltage  levels  have  been  used  for  self 
quench-hardening  of  gears,  as  well  as  brazing  and  melting.  In  the  continuous  heating  mode, 
normalizing,  brazing,  and  melting  have  been  demonstrated. 
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Compared  to  conventional  convection,  radiation,  and  conduction  heating  techniques,  the  PBEB 
process  is  more  efficient  in  that  every  electron  that  is  accelerated  into  the  part  surface  contributes  to 
the  heating  process.  It  also  allows  for  larger-area  treatment  capabilities  of  many  small-scale  parts, 
or  a  larger-scale,  single  part  subject  however  to  the  surface-area  requirements  of  the  part  and  the 
vacuum  chamber  as  discussed  previously.  Figure  2  summarizes18  the  intended  range  of  application 
of  present  PBEB  technology  (for  single-pulse  and  burst-mode  operation)  compared  to  conventional 
electron-  and  laser-beam  treatment  techniques. 

EXPERIMENTAL  HARDWARE  DESCRIPTION 

PBII  and  PBEB  experiments  were  conducted  using  the  Hughes  Research  Laboratories 
implant/heat-treat  facility.  This  facility  consists  of  a  1 .2-m-diameter  x  2.4-m-long  stainless  steel 
vacuum  vessel  and  a  100-kV,  100-kW  pulse  modulator.  A  detailed  description  of  the  vacuum 
chamber  and  pulse  modulator  performance  can  be  found  in  previous  publications.9- 1 2, 19,20 

Figure  3a  shows  the  schematic  of  the  pulse  modulator  and  the  vacuum  chamber  configuration 
used  to  conduct  PBII  experiments.  Negative  polarity  voltage  pulses  are  produced  by  modulating  the 
voltage  of  the  capacitor  using  the  Crossatron  switch.  By  using  a  separate  double-pole,  single-throw, 
high  voltage  switch  (not  shown),  the  capacitor  and  Crossatron  switch  can  be  interchanged,  as  shown 
in  Figure  3b  to  produce  positive-polarity  voltage  pulses  used  in  PBEB. 

Figure  4  shows  examples  of  the  actual  time-phased  current  and  voltage  waveforms  that  result 
during  an  actual  implant  in  PBII  (Figure  4a)  and  during  an  actual  heat  treatment  in  PBEB 
(Figure  4b)  using  the  pulse  modulator  circuitry  shown  in  Figure  3.  In  both  cases,  near-square 
voltage  waveforms  are  produced  with  a  near-instantaneous  (less  than  1  psec)  rise  time  compared  to 
the  pulse  duration.  The  current  waveforms  in  both  cases  exhibit  a  sharp  rise  followed  by  a  gradual 
decay  to  a  near  steady-sate  value. 
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EXPERIMENTAL  TECHNIQUES  DESCRIPTION 

In  the  next  two  sections,  we  present  recent  demonstrations  of  the  use  of  PBII  and  PBEB  for 
achieving  tribological  improvements  of  tools,  dies  and  components.  We  first  consider  examples  of 
PBII  technology  followed  by  PBEB  treatment  of  materials. 

Treatment  Techniques  Using  PBII 

In  previous  publications,  we  reported  on  the  use  of  the  Hughes  PBII  facility  to  conduct  100-kV 
implants  of  a  1362  kg  polymer  die,11-12  to  extend  the  wear  life  of  Co-cemented  WC  drill  bits  used 
in  printed  wiring  board  fabrication,21  and  to  extend  the  wear  life  of  TiN-coated  cutting  tools.12 
Major  emphasis  at  HRL  is  now  being  placed  on  using  PBII  technology  to  assist  in  hard-coating 
development  and  performance  for  improving  the  wear  performance  of  tools,  die  and  molds  used  in 
automotive  and  aerospace  applications.  Three  areas  are  being  pursued;  post-treatment,  pre¬ 
treatment,  and  in-situ  treatment  of  hard-coatings  using  PBII.  As  a  post-treatment  technique,  we 
describe  new  additional  results  in  the  use  of  PBII  to  increase  TiN-coated,  cutting-tool  wear 
performance,  as  well  as  for  extending  the  wear  life  of  TiN-coated  foundry-mold  blocks.  As  a  pre¬ 
treatment  technique,  we  present  results  describing  the  use  of  PBII  for  interfacial  mixing  of  TiN  prior 
to  hard-coating  deposition.  Finally,  as  a  in-situ  treatment  technique,  we  describe  facility  upgrades 
presently  under  way  to  develop  PBII-assisted  deposition  of  low-temperature  coatings  of  TiN  via 
magnetron  sputtering. 

Post  PBII  Treatment  of  TiN-Coated  Cutting  Tools 

Ion-implantation  is  known  to  improve  the  wear  properties  of  TiN-coated  cutting  tools.22’23 
Depending  on  the  dose  and  the  energy  used  for  the  implant,  the  surface  hardness  can  be  either 
increased  or  decreased  resulting  in  variations  in  wear  performance.  We  implanted  molecular 
nitrogen  ion  at  100  kV  (dose  of  2  x  1017  cm'2)  into  5-pm-thick,  TiN-coated  cutting  tools. 

The  cutting  tools  were  coated  with  TiN  by  Balzers  and  Multi-Arc  Corp.,  and  the  tools  were  then 
used  by  two  major  manufacturers  of  gears  in  the  automotive  and  aviation  industries.  We  found  a  2x 
decrease  in  the  surface  hardness  as  inferred  from  nano-indentor  hardness  measurements  penetrating 
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20-80  nanometers  into  the  coating  surface.  The  tools  were  evaluated  for  wear  after  300  parts  had 
been  produced  by  measuring  the  amount  of  flank  wear  experienced  on  select  teeth.  The  tools  were 
then  re-sharpened  (or  re-ground)  and  placed  back  into  production.  The  procedure  was  repeated 
several  times  to  conduct  a  thorough  evaluation  of  the  effect  of  implantation  on  the  wear 
performance  of  TiN-coated  cutting  tools  used  in  the  two  industries.  Figure  5  shows  the  wear  vs. 
re-grind  data  for  the  Balzers-coated  (Figure  5a)  and  Multi-Arc-coated  (Figure  5b)  tools.  The 
.Balzers  TiN-coated  tool  (Figure  5a)  experiences  24  mil  of  wear  after  300  parts  are  produced.  With 
PBII  treatment,  the  TiN  coated  tool  wear  is  reduced  to  less  than  1  mil  after  300  parts  are  produced. 
After  the  first  re-grind,  the  tool  wear  experienced  is  2  mil  as  shown.  Multiple  re-grinds  on  two 
different  tools  indicate  an  average  8x  reduced  tool  wear  following  PBII  treatment.  An  average  6x 
reduced  wear  is  shown  in  Figure  5b  for  Multi-Arc  TiN-coated  tools. 

Post  PBII  Treatment  of  TiN-Coated  Foundry  Blocks 

Foundry  parts  such  as  patterns  and  molds  used  in  the  automotive  and  aerospace  industries  are 
subject  to  sand  abrasion  wear.  In  many  applications,  a  compact  of  SiC>2  sand  (100-500  pm  size)  is 
compressed  (several  hundred  PSI)  against  stainless  steel  patterns  and  molds  for  casting  of  parts  and 
components.  Wear  of  the  stainless  steel  limits  the  lifetime  of  the  pattern  or  mold;  therefore,  the  part 
must  be  replaced  or  repaired.  Typically,  a  hard  coating  of  TiN  (about  3-5  pm  thick)  is  used  to 
reduce  surface  wear.  We  post  implanted  nitrogen  into  TiN-coated  (Balzers  Corp.)  foundry  blocks 
(10  cm  in  size)  via  the  PBII  process  to  extend  the  wear  performance  of  the  TiN  coating  itself. 
Molecular  nitrogen  ions  were  implanted  at  a  voltage  of  100  kV  and  a  dose  of  2  x  1017  cm*2.  Upon 
implantation,  the  normally  gold-colored  TiN  coating  transformed22’24  to  a  deep  purple  color.  We 
demonstrated  that  the  wear  process  could  be  monitored  visually  by  the  change  in  the  color  of  the 
coating  as  the  implanted  layer  was  worn  through.  The  implication  on  the  manufacturing  process  in 
improving  the  wear  performance  of  a  hard  coating  and  simultaneously  coloring  the  surface  for  wear 
monitoring  is  discussed  in  a  separate  publication  24  The  five  implanted  blocks  (as  well  as  five  un¬ 
implanted  blocks)  were  evaluated  for  foundry  wear  under  actual  manufacturing  wear  conditions  by 
mounting  all  ten  blocks  onto  a  large-scale  (1.2  x  1.2  m  size)  automotive-component  pattern.  The 
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blocks  were  placed  at  benign  locations  on  the  pattern  to  allow  the  blocks  to  experience  the  same 
wear  condition  as  the  pattern,  but  without  interfering  in  the  actual  manufacturing  process.  Even 
though  the  estimated  ballistic  implantation  depth  was  about  0.1  pm;  (very  shallow  compared  to  the 
3-5  pm  thick  TiN),  each  implanted  block  demonstrated  more  than  2.5  times  longer  wear  life 
compared  to  un-implanted  blocks. 

PBII-Assisted  Hard  Coating  Deposition 

For  automotive  steel  dies  used  in  metal  forming  applications,  chrome  plating  is  typically  used  to 
provide  a  hard,  wear-resistant  surface  to  extend  die  life.  We  evaluated  whether  TiN  could  be  used 
to  replace  chrome  for  select  applications.  Many  of  the  die  materials  used  are  temperature  sensitive 
and  cannot  be  heated  above  300°C  without  tempering  the  die  material.  Therefore  conventional 
PVD  coating  technologies  to  deposit  hard  TiN  cannot  be  used.  We  therefore  began  to  develop  a 
PBII-assisted,  low-temperature  TiN-deposition  process.  The  process  first  utilizes  high-energy  PBII 
as  a  pre-treatment  technique  to  achieve  interfacial  mixing  of  TiN,  and  then  uses  low-energy  PBII  as 
an  in-situ,  assist  to  magnetron-sputtered,  TiN  film  growth.  In  our  first  set  of  experiments,  we 
sputter  deposited  300-400  A  of  Ti  onto  the  identified  steel  die  material  and  then  achieved  interfacial 
mixing  of  a  TiN  coating  using  molecular  nitrogen  ions  implanted  at  a  voltage  of  100  kV  and  a  dose 
of  2  x  1017  cm-2.  Auger  analysis  verified  a  mixed  layer  of  stoichiometric  TiN.  We  evaluated  the 
wear  of  the  treated  steel  sample  using  an  oscillating  pin-on-disk  wear  apparatus  and  then  compared 
it  to  the  wear  of  conventional  chrome-plating.  The  0.03-pm-thick  TiN-mixed  layer  was  found  to 
have  a  3x  reduced  wear  compared  to  a  thick  (25  pm)  chrome-plated  coating.  Our  second  set  of 
experiments  dealing  with  in-situ  growth  of  hard  coatings  are  in  progress.  We  have  recently  installed 
a  1.2-m-long,  magnetron  sputter  target  in  our  PBII  chamber  to  deposit  pm-thick  TiN  onto  the  mixed 
TiN  using  PBII  for  in-situ  growth  assist.  We  plan  to  evaluate  coatings  experiment  by  September  of 
1996. 
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Treatment  Techniques  Using  PBEB 

The  PBEB  process  can  be  used  as  a  stand-along  technique  to  conduct  heat  treating  of  materials, 
or  it  can  be  used  as  a  combination  with  PB13  for  thermally  enhanced  implantation,  or  in  combination 
with  conventional  quenching  and  heat-treatment  techniques.4  In  the  sections  below,  we  present 
experimental  results  describing  the  use  of  the  PBEB  process  in  four  main  areas:  normalizing, 
surface-heating  for  self-quenching,  bulk  heating  and  quench  hardening,  and  brazing/melting. 

Normalizing 

Normalizing  is  a  heat-treatment  process  in  which  a  ferrous  alloy  is  heated  to  a  temperature 
above  the  austenitic  transformation  range,  and  then  cooled  to  produce  a  uniform  structure  containing 
ferrite  and  pearlite.  We  sought  to  conduct  normalizing  of  automotive  pinion  gear  blanks  made  of 
type  5130  steel  using  the  PBEB  process  described  in  this  paper.  Each  gear  blank  had  a  diameter  of 
5.1cm  (2  inches),  a  2.54  cm-diameter  bore  (1  inch),  and  weighed  about  0.5  kg  (one  pound)  each. 
Nine  gear  blanks  were  simultaneously  normalized  using  the  PBEB  operating  parameters  shown  in 
Table  I,  The  normalizing  temperature  of  900°C  was  achieved  in  less  than  5  minutes  using  an 
applied  voltage  pulse  level  of  30  kV,  a  pulse  duration  of  10  psec,  and  a  pulse  repetition  rate  of 
200  Hz.  The  gear  blanks  were  maintained  at  temperature  for  15  minutes  and  then  cooled  at  the  rate 
required  for  normalizing  type  5130  steel.  Figure  6  shows  a  photograph  of  the  nine  gear  blanks 
heated  in  the  vacuum  chamber.  The  figure  also  shows  the  corresponding  fine  lamelar 
microstructure  obtained  from  three  of  the  nine  gear  blanks  upon  conducting  a  microstructural 
analysis  to  verify  adequate  normalizing  of  the  gear  blanks,  suitable  for  automotive  applications. 

Surface  Heating  for  Self  Quenching 

Self  quenching  using  electron-beam  or  laser  beam  hardening  processes  is  a  heat-treatment 
process  that  is  commercially  available.5  The  surface  of  a  part  is  rapidly  heated  to  the  austenitic 
transformation  temperature  level  using  a  finely-focused,  high-energy  density  (about  10  kW/cm2) 
electron  or  laser  beam.  Hardening  of  the  treated  area  is  achieved  by  moving  the  electron  or  laser 
beam  in  a  manner  that  allows  the  heated  area  to  rapidly  cool  via  heat  transfer  into  the  bulk  of  the 
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part.  This  self-quenching  technique  is  widely  used  in  Europe5  to  conduct  selective  quench- 
hardening  of  automotive  gears.  We  sought  to  conduct  a  PBEB  self-quenching  treatment  experiment 
to  duplicate  this  type  of  result  and  demonstrate  large-scale  processing  capability. 

Automotive  gears  made  of  type  5130  steel  were  cut  into  samples  having  an  area  of  about 
25  cm2.  A  single  sample  was  placed  in  the  PBEB  vacuum  vessel  to  be  treated  via  the  rapid  burst 
mode  using  the  operating  parameters  shown  in  Table  2.  With  an  argon-gas  backfill  pressure  of  3  x 

10-5  Torr,  we  applied  a  burst  of  pulses  for  1  sec  to  the  part,  each  pulse  having  a  voltage  of  70  kV 
and  pulse  duration  of  10  |isec,  which  resulted  in  a  power  density  on  the  surface  of  the  part  of  about 
1.5  kW/cm2:  During  the  one  burst  of  pulses,  the  surface  of  the  part  reached  1000°C  and  then  self 
cooled  to  750°C  in  less  than  0.25  seconds.  Temperature  measurements  were  obtained  using  an 
infrared,  optical  pyrometer  having  a  response  time  of  0.1  seconds.  Figure  7  shows  the  typical  time 
phased  voltage  and  current  waveforms  used  during  the  burst-mode  surface  heating.  In  addition,  a 
strip-chart  recording  of  the  surface  temperature  is  also  presented.  Experiments  on  actual  gears 
having  surface  areas  of  100  cm2  are  planned  during  1996. 

Bulk  Heating  and  Forced  Quench  Hardening 

We  used  the  PBEB  process  in  conjunction  with  a  novel  quenching  technique  called  solid/gas  jet 
(SGJ)  quenching4  to  conduct  quench-hardening  experiments  of  gears.  The  quenching  process  will 
be  discussed  in  detail  in  a  forthcoming  publication.  Briefly,  the  process  consists  of  spraying  solid 
carbon  dioxide  (CO2)  onto  heated  parts.  The  solid  CO2  sublimes  from  the  heated  surfaces,  carrying 
away  heat  in  the  form  of  evaporated,  gaseous  C02.  We  used  the  SGJ  quenching  process  following 
rapid  and  efficient  heating  of  six  pinion  gears  using  the  PBEB  process. 

Each  of  the  six  pinion  gears  (having  the  same  dimensions  and  weight  as  the  gear-blanks  used  for 
normalizing)  were  heated  separately  using  PBEB.  A  total  of  six  different  treatment  temperatures 
were  selected  to  explore  hardness  vs,  temperature  for  the  gear-material  composition.  The  PBEB 
process  was  used  to  heat  and  maintain  the  temperature  of  each  gear  at  a  selected  set  point.  The 
PBEB  heating  process  was  then  interrupted  and  the  part  was  cooled  using  the  SGJ  quenching 
processes.  Each  gear  was  sectioned  for  microstructure  and  hardness  measurements.  Through- 
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hardening  of  each  gear  was  validated.  Table  III  shows  the  relationship  between  process  temperature 
and  hardness  that  was  achieved  for  each  set  point.  Figure  8  shows  the  cross-section  microstructure 
for  gear  2  (Figure  8a)  and  gear  5  (Figure  8b)  treated  at  1800  and  2000°F  respectively.  At  2000°F, 
there  is  undesirable  grain  growth,  despite  the  higher  hardness.  The  microstructure  of  sample  No.  2 
was  judged  to  have  the  fine-grained  martensitic  structure  and  hardness  that  is  preferred  for 
automotive  gears  made  of  type  5130  steel. 

Grazing  /  Melting 

When  used  the  rapid  burst  mode  or  the  slow,  continuous  operating  mode,  PBEB  can  be  used  for 
vacuum  brazing  and  melting  of  materials.  In  preliminary  experiments,  we  were  able  to  conduct 
preferential  surface  heating  experiments  for  novel  brazing  and  melting  applications.  Cu-brazing  of 
stainless  steel  components  have  been  performed  with  good  success.  In  addition,  we  have  also 
demonstrated  melting  and  alloying  of  metals  for  select  metallurgical  applications. 

SUMMARY 

We  have  presented  a  description  of  plasma-based  ion  implantation  (PBII)  and  plasma-based 
electron  bombardment  (PBEB)  for  large-scale  surface  modification  of  materials.  In  PBII,  negative- 
polarity  voltage  pulses  (20-100  kV)  provide  for  omnidirectional  and  simultaneous  implantation  of 
positively-charged  ions  into  a  part  that  is  immersed  in  a  plasma.  In  PBEB,  positive-polarity  voltage 
pulses  (20-100  kV)  provide  for  omnidirectional  and  simultaneous  bombardment  of  negatively- 
charged  electrons  into  the  surface  of  a  part  that  is  immersed  in  a  plasma.  Both  PBII  and  PBEB  can 
be  used  as  stand  alone  process  or  they  can  be  used  in  combination  with  other  heat-treat  technologies. 
At  Hughes,  the  PBII  process  is  being  applied  primarily  to  enhance  the  performance  of  hard- 
coatings.  PBB  can  be  used  to  improve  the  wear  life  of  TiN-coated  cutting  tools  by  8x,  as  well  as  the 
wear  life  of  TiN-coated  foundry  blocks  by  >  2.5x.  Presently,  a  facility  upgrade  is  underway  to 
combine  PBII  with  magnetron  sputtering  for  low-temperature  deposition  studies  of  hard,  TiN 
coatings.  The  PBEB  process  has  been  used  to  normalize  and  quench-harden  small  batches  of 
automotive  gears.  The  process  can  also  be  used  to  achieve  large-scale  self  quench-hardening  of 
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gears.  The  PBEB  process  also  has  potential  for  surface  melting,  alloying,  and  brazing  over  larger 
areas  than  that  which  is  possible  using  conventional  electron-  or  laser-beam  techniques. 
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Figure  1.  Sample  of  PBII  Processing  Capabilities  in  the  World 


Figure  2.  Range  of  Application  of  PBEB  Via  Conventional  Processes  Employing  Electron  and 
Laser  Beams 

Figure  3.  Schematic  of  the  Pulse  Modulator  for  PBII  and  PBEB 

Figure  4.  Current/Voltage  Waveforms  for  PBII  and  PBEB 

Figure  5.  Tool  Wear  After  Repeated  Regrinds  (Balzers  &  PBII/Multi-arc  &  PBII) 

Figure  6.  Batch  Processing  Uniformity  of  PBEB-Normalized  Gears 

Figure  7.  High-Power,  Burst-Mode  PBEB  Treatment  of  5130  Steel  Blocks 

Figure  8.  Cross-Sectional  Microstructure  for  Gears  PBEB-Heat  Treated  at  1800°F  and  2000°F. 
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TABLE  I.  Normalizing  of  Gear  Blanks  Via  PBEB 


PBEB 

Operating  Parameter 

Parameter  Value 

Applied  Voltage,  V 
(kV) 

30 

Average  Pulsed  Current,  Ip 
(A) 

150 

Average  DC  Current,  Iavg 
(A) 

0.25 

Pulse  Repetition  Rate,  / 

(Hz) 

200 

Pulse  Duration,  PD 
(lisec) 

10 

Working  Gas 

Argon 

Working  Gas  Pressure,  P 
(Torr) 

3x1 0*5 

Normalizing  Temperature,  T 

(°C) 

900 

TABLE  II.  Self  Quenching  Via  PBEB  Process 


PBEB 

Operating  Parameter 

Parameter  Value 

Applied  Voltage,  V 
(kV) 

70 

Pulse  Duration,  PD 
(psec) 

10 

Burst  Time,  t 
(sec) 

1.0 

Total  Number  of  Pulses  in  Burst, 
N 

500 

Average  Power  Density,  Pavg 
(kW/cm2) 

1 

Working  Gas  ; 

Argon 

Working  Gas  Pressure,  P 
(Torr) 

3x10-5 

Pulse  Repetition  Rate,  / 

(kHz) 

1 

1700  69 

1800  71  Definite  Martensite.  Good  Grain 

Size 


1900  72 

2000  75 

2000  75  Definite  Martensite.  Large  Grain 

Size 
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Abstract  ' 

A  high  voltage  pulse  gas  discharge  burning  on  the  left  branch  of  the  Paschen 
curve  is  used  as  a  base  for  the  three  dimensional  ion  implantation  (3DII).  3DII 
technique  uses  a  scheme  where  target  is  the  cathode  and  vacuum  chamber  filled  with 
working  gas  is  the  anode.  An  external  characteristics  of  the  gas  discharge  are  described. 

Results  of  probe  investigation  of  the  main  discharge  parameters  are  presented.  It  is 
found  that  gas  discharge  has  a  quasi  stationary  spatial  structure  with  thin  layer  (less 
than  1cm)  of  the  cathode  fall  where  all  voltage  applied  to  electrodes  drops.  Ions 
effectively  accelerate  in  cathode  fall  in  a  collisionless  mode.  The  Auger  profile  of 
implanted  atoms  proves  treatment  by  monoenergetic  ions  flux.  High  energy  ions 
current  density  on  the  cathode  surface  is  measured.  Possible  mechanisms  of  generation 
of  ions  flux  on  the  cathode  are  discussed.  It  is  shown  that  the  near-anode  plasma  is  not 
a  general  supplier  of  ions  on  the  cathode.  The  main  measured  parameters  and  discharge 
features  make  it  possible  to  use  3DII  technique  for  technological  applications. 
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1.  Introduction 


First  non-line-of-sight  technique  called  plasma  source  ion  implantation  (PSII) 
have  been  proposed  by  J.R.Conrad  [1,2].  In  PSII  target  to  be  implanted  is  placed 
directly  in  a  preliminary  generated  plasma  and  then  pulse  biased  to  a  high  negative 
potential  (up  to  100  kV  and  more)  in  regard  of  the  chamber  walls.  A  plasma  sheath 
forms  around  the  target  and  ions  accelerated  across  plasma  sheath  bombard  the  whole 
target  surface  from  all  sides  simultaneously.  The  main  advantage  of  PSII  in  comparison 
with  conventional  line-of-sight  technique  is  that  it  makes  redundant  target 
manipulation  and  ion  beam  guns  with  rastering  system.  PSII  is  smaller,  simpler  to 
maintain  and  operate.  It  is  also  more  reliable. 

Serious  disadvantage  of  PSII  is  that  ion-matrix  sheath  surrounding  the  target  is 
non-stationary:  during  pulse  time  it  expands.  Quality  treatment  (normal  angle  of  ion 
accidence,  monoenergetic  ion  flux,  implantation  dose  uniformity)  of  complex  shape 
workpieces  requires  a  thin  sheath  surrounding  workpiece  where  ions  accelerate  on 
target.  The  term  thin  sheath  means  that  it  should  be  thin  enough  to  follow  the 
unevenness  of  the  surface  of  the  workpiece. 

The  three  dimensional  ion  implantation  (3DII)  technique  are  presented  in  this 
paper.  Target  is  placed  in  grounded  vacuum  chamber  and  then  as  in  PSII  pulse  biased 
by  high  negative  potential  in  repetion  mode.  Working  gas  is  led  into  the  vacuum 
chamber.  Quasi  stationary  form  of  high  voltage  self-sustain  gas  discharge  starts  up 
under  conditions  conform  to  the  left  Branch  of  Paschen  curve.  The  important  feature  of 
this  kind  discharge  is  a  thin  layer  of  cathode  fall  where  all  voltage  applied  to  electrodes 
drops  [3,4].  Electrons  emitted  from  cold  cathode  (non-thermoemissive)  are  accelerated 
in  this  region.  The  technological  electron  guns  producing  monoenergetic  electron  beam 
based  on  the  intensive  mode  of  these  discharges  is  known  [5]. 


3DII:  TEXT  oaae  1 


2.  Three  dimensional  ion  implantation  device 

The  scheme  of  3DII  device  and  configuration  of  the  discharge  volume  are  shown 
on  Fig.  1.  A  grounded  stainless  steel  vacuum  chamber  650mm  in  high  and  0510mm  in 
diameter  is  the  anode.  The  cathode  07Ommx3Omm  is  separated  from  anode  by  ceramic 
(AI2O3)  insulator.  Cathode  temperature  is  controlled  by  water-cooling  system  in  case  of 
necessity.  Unlike  PSII  3DII  does  not  use  the  array  of  permanent  magnets  surrounding 
the  vacuum  chamber.  It  does  not  require  unit  for  preliminary  ionization  of  the  working 
gas  to  operate  the  device. 

High  voltage  pulse  power  supply  provides  discharge  voltage  from  lOkV  to  80kV 
and  average  power  up  to  lkW.  The  pulse  length  may  range  from  80ps  to  500ps.  The 
pulses  frequency  is  from  10Hz  to  50Hz.  A  special  circuit  prevents  from  arcing  mode. 
Cathode  is  connected  to  HV  pulse  power  supply  by  flexible  current  feed  through. 

Vacuum  is  provided  by  turbomolecular  pump  system  with  a  pumping  rate  of 
0.72m3/s  in  the  pressure  range  ( 1  O'2- 1  O'4  Pa). 

Working  gas  is  led  into  vacuum  chamber  through  a  system  allowing  to  control 
taken  gas  pressure. 

3.  Results  of  preliminary  experiments  with  3DII  device 

The  typical  voltage  curve  applied  to  electrodes  is  shown  in  Fig.  2.  The  HV  pulse 
power  supply  generates  a  negative  voltage  impulse  of  relatively  rectangular  form  having 
a  bell-like  peak  on  the  rise  front  due  to  the  current  cable  capacity.  The  typical 
dependencies  of  discharge  current  on  time  for  different  applied  voltages  and  pressure 
conditions  are  also  presented  in  Fig.2,  where  pl<p2<p3.  The  discharge  current  appears 
without  preliminary  ionization  of  gas  in  the  chamber  volume  with  a  delay  in  regard  of 
the  voltage  rise  front  depending  on  the  working  gas  pressure  for  applied  voltage  of 
more  than  30kV .  A  marked  plateau  is  apparent  between  80ps  and  230ps  from  discharge 
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start  up.  Therefore  corresponding  dependencies  of  collected  current  I(t)  and  target  bias 
U(t)  are  essentially  different  for  3DII  and  PSII.  PSII  is  marked  with  a  peak  of  I(t)  [6].  It 
is  connected  to  the  following  feature  of  discharge  dynamics:  surrounding  cathode 
plasma  sheath  expands  at  ion  acoustic  velocity  of  0.25cm  per  ps.  Therefore  initial 
current  increase  changes  to  a  decrease  due  to  the  restriction  of  Child-Langmuir 
equation: 


j(t)  = 


_  4e0 


f  2e>  ^  tt3/2 


9  kMJ 


u- 


S(t y 


(i) 


where  s(t)  is  the  time-dependent  sheath  thickness. 

In  3DII  current  is  independent  of  time  excluding  initial  pulse  rise  time  and 
current  cut-off.  This  result  points  out  that  plasma  sheath  is  motionless  during  the  whole 
pulse  length,  i.e.  the  discharge  under  consideration  acts  in  a  quasi  stationary  mode  . 


Fig.  3  presents  the  measured  increasing  current-voltage  characteristics  of  gas 
discharge  and  working  pressure  field  vs.  applied  voltage.  Conditions  for  the  existence  of 
a  gas  discharge  correspond  to  the  left  branch  of  Paschen  curve  (pd  is  less  than  (pd)min), 
where  d  is  a  distance  between  electrodes  and  p  is  pressure  in  the  vacuum  chamber.  The 


start  up  voltage  and  the  burning  voltage  are  approximately  equal  for  this  kind  discharge 
[j].  Discharge  starts  up  only  on  fixed  working  gas  pressure  defined  by  electrode 
geometry,  applied  voltage,  cathode  materials,  etc.  These  features  are  illustrated  in  Fig. 3 
by  the  ignition  curve  marked  Ijgn  and  a  curve  pign  in  pressure-voltage  axes  corresponding 
to  it.  It  is  possible  to  vary  discharge  current  in  the  range  Imin  and  Imax  after  ignition  by 
changing  pressure  from  pmin  to  pmax.  In  case  when  pressure  p>pmax  gas  break-down 
occurs  and  discharge  converts  to  the  arcing  mode,  the  case  p<pmin  is  that  of  gas 
isolation. 

Further  the  results  of  measurements  of  Auger  depth  profile  are  considered.  We 
used  most  often  nitrogen  as  a  working  gas  in  our  experiments  (we  have  also  operated 
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the  device  with  argon  and  xenon).  Our  experiments  have  demonstrated  that  3DII  is 
capable  of  implanting  ions  to  concentrations  and  depths  required  for  surface 
modification.  For  example  in  Fig.  4  we  show  Auger  profile  data  of  the  concentration 
profile  nitrogen  ions  implanted  into  a  silicon  sample  during  treatment  in  the  discharge 
at  40kV.  The  important  feature  of  these  dependencies  is  that  we  obtain  reasonable 
agreement  with  data  of  numerical  codes  for  penetration  of  monoenergetic  (energy  is 
approximately  equal  to  voltage  between  the  cathode  and  the  anode)  flux  of  molecular 
nitrogen  ions  [7,8]-  This  fact  indicates  that,  firstly,  the  thickness  of  the  ion  acceleration 
region  is  smaller  than  the  charge  exchange  free  pass  length  (du<k,-a  ,  Xu  ~3-5cm  for 
discharge  conditions)  and,  secondly,  that  practically  all  potential  difference  falls  on  this 
region. 

Several  series  of  testing  experiments  have  been  carried  out  to  measure 
microhardness  and  wear  resistance.  Generally,  the  results  are  in  agreement  with  other 
data  of  ion  implantation  modification  [9]. 

4.  Plasma  parameters  in  the  gas  discharge 

The  distribution  of  plasma  density  and  electron  temperature  and  electrical 
potential  along  vertical  axis  of  discharge  have  been  determined.  The  special  Langmuir 
probe  has  been  used  to  take  the  main  plasma  measurements.  The  point  is  that  high 
energy  (10...80keV)  electron  beam  propagates  from  the  cathode  to  the  anode  and  the 
probe  collects  part  of  this  beam  current.  In  order  to  minimize  collected  electron  beam 
current  and  to  provide  area  sufficient  for  low  density  measurements  the  special  shape 
Langmuir  probe  is  used:  hollow  cylinder  with  height  5mm,  diameter  035mm  and 
thickness  0.1mm.  Vertical  axes  of  gas  discharge  and  the  Langmuir  probe  coincide  to 
provide  minimal  electron  beam  current  signal.  The  measured  values  of  plasma  density 
are  checked  by  probe  with  convenient  configurations  such  as  standard  cylindrical 
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geometry  in  the  discharge  areas  where  electron  beam  effect  is  negligible  to  take  into 
account  form  factor  correctly. 

In  Fig.5  are  presented  typical  results  of  measurements  of  electron  density, 
electron  temperature  and  plasma  potential  along  vertical  discharge  axis.  These 
investigations  were  carried  out  for  a  discharge  in  a  nitrogen  with  copper  cathode  and 
stainless  steel  vacuum  chamber  walls  (anode).  Applied  negative  pulse  voltage  was  40kV 
with  repetition  rate  25Hz  to  prevent  overheating  of  cathode.  The  amplitude  of 
discharge  current  is  maintained  equal  to  0.4A. 

Plasma  is  found  out  near  anode.  Discharge  structure  builds  up  to  20-30ps  from 
the  appearance  of  the  discharge  current.  Concentration  rises  during  pulse,  but 
variations  are  in  a  30%  interval  for  times  greater  than  50ps.  Fig.5  illustrates  this  feature. 
The  plasma  density  increases  from  anode  surface  and  achieves  maximum  n=9-10,4cnr3 
about  23cm  from  the  cathode  surface  and  the  density  steeply  drops  to  n=10,4rrr3  about 
18cm  from  the  cathode  surface.  Electron  temperature  in  the  plasma  “body”  is  equal  to 
approximately  0.7eV  and  increases  sharply  at  the  anode  plasma  boundary  (z*18cm). 
The  plasma  potential  is  always  higher  than  anode  potential  to  prevent  a  slow  electrons 
diffusion  on  the  chamber  walls.  Plasma  with  a  density  higher  than  the  threshold  for 
probe  investigation  (~5-1012nr3)  is  not  found  in  the  space  between  the  cathode  surface 
and  the  near-anode  plasma  boundary,  but  it  should  be  mentioned  that  the  Langmuir 
probe  measurements  are  impossible  in  the  near-cathode  area  (z=l-3cm)  due  to  a 
breakdown  on  the  measuring  circuit.  Dependencies  of  plasma  parameters  and  spatial 
structure  from  applied  voltage,  working  gas  and  cathode  materials  are  not  discussed  in 
details  in  this  paper.  Just  note  that  the  replacing  cathode  material  with  titanium  results 
in  decrease  of  maximum  level  of  plasma  concentration  to  4.2-10l4nv3,  but  density 
distribution  behavior  and  location  plasma  boundary  are  approximately  the  same. 


The  region  between  the  cathode  and  the  plasma  boundary  is  identified  as  a 
cathode  layer.  A  high  impedance  “floating”  probe  has  been  used  to  investigate  the 
cathode  layer  [4,5].  In  the  area  with  charged  particles  motion  and  with  no  plasma  it  acts 
as  an  indicator  of  cathode  fall  region:  an  abrupt  rise  of  signal  from  the  probe 
corresponds  to  the  beginning  of  the  cathode  drop.  Investigations  based  on  this  method 
reveal  very  thin  thickness  of  the  cathode  fall  where  just  all  applied  to  electrodes  voltage 
drops.  Estimates  showed  that  cathode  fall  thickness  du  is  less  than  0.5cm,  i.e.  it  amounts 
to  several  Debay  length.  Optical  investigations  and  geometry  of  electron  beam 
propagation  not  presented  here  prove  this  feature. 

These  results  make  it  possible  to  select  two  typical  fields  in  discharge  structure: 

•  near-anode  plasma  with  density  n=(1...10)10l4nr3; 

•  cathode  layer  with  thin  cathode  fall  region. 

5.  High  energy  ion  current  to  the  cathode 

Probe  measurements  near  the  cathode  surface  have  proved  impossible,  therefore 
direct  measurements  of  the  ion  current  density  at  the  cathode  surface  were  carried  out. 
The  importance  of  such  measurements  is  in  particular  based  on  the  fact  that  they  make 
it  possible  to  understand  the  mechanism  of  the  ion  current  generation. 

Two  alternative  mechanisms  have  been  discussed.  In  accordance  with  the  first 
supposition  the  near-anode  plasma  boundary  is  the  source  of  the  ion  current  passing  to 
the  cathode  surface:  the  ions  are  extracted  from  the  anode  plasma  surface,  are 
accelerated  in  the  layer  with  a  very  low  degree  of  ionization  and  then  bombard  the 
cathode  penetrating  into  the  surface. 

In  accordance  with  the  second  supposition  a  plasma  region  with  a  relatively  high 
degree  of  ionization  is  formed  in  the  cathode  layer  and  it  is  there  where  the  ion  current 
to  the  cathode  is  generated. 
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The  method  of  determining  the  ion  current  at  the  cathode  surface  is  based  on 
experimental  measurements  of  integral  dose  of  atoms  absorbed  by  the  cathode  surface 
layers.  The  measurements  are  carried  out  in  the  following  order.  After  the  cathode  is 
treated  in  a  discharge  by  nitrogen  ions,  Auger  measurements  of  the  nitrogen 
concentration  profile  at  different  locations  of  its  surface  are  carried  out.  Then  the  dose 
of  the  absorbed  particles  is  determined  by  integrating  the  relationships  obtained.  Using 
the  total  time  of  treatment  (exposure  under  ions  flux)  we  can  calculate  the  ion  current 
density  per  pulse  average  during  treatment  time: 


j+=0.5DN-— L- 

X-  f  •  t 

where  Dn  is  dose  of  the  implanted  nitrogen  atoms; 
x  is  discharge  current  pulse  duration; 
f  is  pulse  repetition  rate; 
t  is  treatment  time. 


(2) 


The  above  method  provides  sufficient  accuracy  if  the  following  conditions  are 


met. 


First,  the  thickness  of  cathode  surface  layer  sputtered  by  the  ions  hs  should  be 
considerably  less  than  the  average  depth  of  the  ion  penetrating  into  the  material  Rp, 
<<:  This  imposes  an  upper  limit  on  the  time  of  the  cathode  exposure  in  the 

discharge.  But  on  the  other  hand  implant  ions  dose  must  be  sufficient  for  reliable 
registration  by  spectrometer.  Note  that  if  sputtering  is  significant  measured  ions  current 
by  Auger  will  be  less  than  the  real  ions  current. 

Second,  all  the  ions  bombarding  the  cathode,  are  molecular,  N2+.  This  is 
connected  with  a  very  low  value  of  the  possibility  of  two  successive  events,  namely, 
dissociation  of  molecules  and  ionization  of  one  of  the  resulting  atoms. 


Third,  ion  current  to  the  cathode  should  have  constant  density  during  the 
impulse  time.  This  is  demonstrated  sufficiently  accurately  by  the  measurements  of 
relationships  I(t)  Fig.2. 

Forth,  effect  of  thermodiffusion  processes  is  negligible  because  the  temperature 
of  the  cathode  surface  is  controlled  during  treatment  and  does  not  exceed  80°C. 

The  above  measurements  were  carried  out  using  a  copper  and  titanium  cathode 
for  different  locations  along  the  generating  line  of  the  cathode  profile  (along  the  flat 
surfaces  radius  of  the  cathode  and  along  the  length  for  the  cylindrical  surface).  These 
results  are  present  in  Fig.6. 

The  results  obtained  may  be  used  to  answer  the  question  which  was  asked  at  the 
beginning  of  this  section.  What  is  the  mechanism  of  the  ion  current  generation  at  the 
cathode  surface.  The  corresponding  estimates  are  mainly  based  on  the  application  of 
Bohm  relationship  for  the  ion  current  from  plasma  extracted  to  the  surface  on  the  flat 
electrode  having  a  negative  bias  potential: 


J'calc  *  °-5en 


(3) 


Calculation  of  the  value  of  the  ion  current  from  the  anode  plasma  surface  where 
the  density  of  charged  particles  is  about  (5...10)10l4m:j  shows  that  the  measured  value 


j+  is  approximately  100  times  higher  than  the  calculated  value  j*aj  .  From  this  we  can 

conclude  that  near-anode  plasma  is  not  a  general  supplier  of  ions  to  the  cathode. 

It  is  suggested  that  a  thin  plasma  region  is  formed  near  the  cathode  surface  and 
the  density  of  charged  particles  in  the  region  is  approximately  two  order  of  magnitude 
higher  than  in  the  anode  plasma.  Nitrogen  ions  generating  in  this  region  are  then 
accelerated  in  the  collisionless  mode  through  the  cathode  fall  to  bombard  the  surface 
like  a  monoenergetic  flux. 
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The  above  result  is  supported  by  one  more  calculation  result.  Suppose  that  the 
measured  value  of  the  ion  current  is  in  some  way  extracted  from  the  anode  layer 
surface.  Calculations  using  Child-Langmuir  equation  show  that  the  corresponding 
potential  difference  (40kV)  cannot  provide  the  transport  of  current  of  such  high  density 
across  the  distance  15- 20cm  between  the  boundary  near-anode  plasma  and  the  cathode. 
The  size  of  the  gap  between  the  emitter  and  the  collector  assumed  in  accordance  with 
Child-Langmuir  for  the  above  conditions  is  less  than  5cm. 

Thus,  the  results  of  direct  measurements  of  the  ion  current  demonstrate  the 
existence  of  a  thin  plasma  region  with  a  relatively  high  degree  of  ionization  in  the 
vicinity  of  the  cathode.  It  is  obvious  that  problems  connected  with  generation  of  such  a 
plasma  and  its  containment  near  the  cathode  surface  require  special  consideration. 

5.  Conclusions 

In  this  paper  we  have  presented  some  results  of  the  investigation  of  3DII  process 
based  on  a  high  voltage  gas  discharge  burning  on  the  left  branch  of  Paschen  curve.  This 
discharge  has  a  thin  (less  than  1cm)  cathode  fall  layer  where  all  applied  voltage  drops, 
thus  this  feature  provides: 

1)  simultaneous  modification  of  the  whole  complex  surface; 

2)  normal  angle  of  ion  accidence  on  treated  surface; 

3)  monoenergetic  high  energy  ion  flux. 

Experimental  investigation  shows  that  density  of  high  energy  ions  current  on  the 
cathode  surface  are  in  a  several  miliampere  range  during  discharge  pulse,  that  is  enough 
for  consideration  of  this  discharge  as  a  base  for  ion  implantation  device  for 
technological  application. 

Plasma  structure  of  gas  discharge  is  complex  and  demands  detail  experimental 
investigation  and  numerical  simulation,  especially  considering  the  mechanism  of  ion 
generation  in  the  vicinity  of  the  cathode  surface. 
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Fig.  1 .  The  scheme  of  3DII  device  and  configuration  of  the  discharge  volume. 


Fig.2.  Typical  view  of  the  applied  voltage  curves  and  discharge  current  curves  under 
different  pressure  and  voltage  conditions. 


Fig-3.  The  current-voltage  characteristics  of  gas  discharge.  Working  pressure  range  vs. 
applied  voltage. 


Fig-4.  The  distribution  of  implanted  nitrogen  atoms  in  the  surface  layer  of  a  silicon 
sample.  Applied  voltage  is  40k V. 


Fig. 5.  The  distribution  of  plasma  density,  electron  temperature,  Langmuir  probe 
potentials  along  vertical  axis  of  discharge.  Scheme  of  the  discharge  spatial  structure. 


Fig-6-  The  distribution  of  a  high  energy  ions  current  on  cathode  surface.  Discharge  in 
nitrogen.  Applied  voltage  is  40kV. 
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High  effective  implantation  method  in  the  range  of  the  energies  (0,5  kev-10  kev)  * 
Volosov  V.I.,  Churkin  I.N. 

Budker  Institute  of  Nuclear  Physics  SB  RAS,  Novosibirsk,  Russia. 

Abstract 

The  report  presents  the  way  of  the  increasing  of  implantation  effectively  by  the 
implantation  with  atomic  beams,  which  have  no  limitations  on  the  space  charge  on  the 
beam  intensity.  The  energy  reducing  of  the  intermediate  range  (0,5  kev-10  kev)  can 
lead  to  the  considerable  (up  to  10-100  times)  increase  of  intensive  atomic  beam  with 
keeping  of  the  same  power. 

One  of  versions  of  a  source  of  atomic  flows  is  the  source  of  fast  heavy  atoms  (source 
with  crossed  fields  -  ISP).  The  physical  principles  of  source  operation  determine  the 
advantages  of  this  source  compare  to  the  traditional  ion  implanters. 

Results  of  experiments  on  the  irradiation  of  the  titanium  and  niobium  targets  by  flows 
of  carbon  atoms  (<W>~2.5  kev,  j~50  mA/sm2  )  are  showing  the  possibility  of  the  high 
effective  implantation  by  atomic  flows  at  the  intermediate  energy. 

Keywords:  implantation,  intermediate  energy,  heavy  atoms,  source  of  atoms,  source  of 
fast  heavy  atoms. 

1. Introduction 

The  possibility  to  use  the  ions  at  the  intermediate  energy  (0.5  kev-10  kev)  for  updating 
of  surfaces  is  discussed  for  a  long  time.  Among  many  problems  retarding  work  in  this 
area  main  was  the  absence  of  enough  effective  implanter.  The  new  approach  and 
decision  of  this  problem  with  use  the  high  efective  source  of  fast  heavy  atoms  is  below 
considered.  Data  of  experiments  have  shown  an  possibility  of  the  effective 
implantation  at  these  energies,  having  advantages  before  known  methods. 
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2.  Problems  of  the  implantation  in  the  range  of  intermediate  energies. 

2.1.  Now  two  methods  of  the  implantation  of  constructional  materials  are  well  known. 
One  of  them  is  a  traditional  ion  implantation,  in  which  are  flows  of  accelerated  ions 
with  energies  40  kev  -  100  kev  [1],  other  method  is  a  plasma-ion  implantation,  in 
which  ions  with  energies  200  ev  -  500  ev  [2]  are  used.  It  is  evident  from  comparison 
of  parameters  these  two  techniques,  that  in  the  area  of  the  intermediate  energy  (0.5 
kev  -  10  kev)  can  exist  favorable  conditions  for  a  implantation. 

We  shall  consider  in  more  detail  arguments  in  protection  of  this  statement. 

A)  First  of  all,  as  is  marked  above,  the  fact  of  existence  of  two  energy  rangies,  in 
which  process  of  the  implantation  will  be  successfully  realized,  means,  that  in 
intermediate  range  this  process  should  too  exist. 

B)  Projective  run  of  an  ion  in  both  methods  of  the  implantation  is  much  less  than 

depth,  on  which  atomic  and  phase  structure  of  a  target  can  be  changed  at  availability  of 
diffusion  processes  depended  on  parameters  of  implantation  (intensity  of  flow, 

doze  of  implantation,  temperature  of  target  and  etc. )  [3]. 

C)  The  number  of  experiments  confirms  the  possibility  of  the  implantation  at  energy  of 
ions  the  order  of  5  kev- 10  kev  [4]. 

D)  In  the  range  of  the  intermediate  energies  (0.5  kev-10  kev)  practically  for  all 
materials  factor  of  the  sputtering  S<1  [5]  (left-hand  branch  of  curve  of  sputtering),  that 
is  one  of  arguments  for  use  of  the  intermediate  energy  range  for  purposes  of  a 
implantation. 

The  listed  above  arguments  specify  necessity  of  more  detailed  research  of  processes  of 
the  implantation  in  the  range  of  intermediate  energies. 

2.2.  One  of  main  problems  at  study  of  possibilities  of  the  implantation  at  the 
intermediate  energies  -  absence  is  enough  effective  means  of  creation  of  ion  flows  in 
this  area  of  energy.  It  is  connected  to  some  basic  defects  of  traditional  methods. 

In  ion  implantation  using  ion  sources  with  subsequent  acceleration  of  ions  in  vacuum 
gap,  there  is  the  basic  limitation  on  ion  current.  It  is  connected  with  charge  and  weight 
of  ions:  I~W3/2/MI/2.  The  intensity  of  ion  flow  decreases  at  decrease  of  ion  energy  , 
especially  it  is  essential  for  ions  of  large  weights  (Ti,  Ni,  Mo,  W  and  etc.),  that  results 


in  significant  growth  of  time  of  the  irradiation  and  can  change  of  process  of  the 
implantation  due  to  diffusion  prosses. 

One  of  disadvantage  of  the  plasma-ion  method  of  the  implantation  at  the  increase  of 
ion  current  density  is  transition  of  the  discharge  to  arc  discharge  causing  the 
destruction  of  a  target.  Rise  of  voltage  results  to  the  intensive  sputtering  of  a  target  and 
pollution  of  plasma. 

Practically  all  these  problems  are  solved  at  the  implantation  by  intensive  atomic  flows 
at  the  intermediate  energy.  It  is  possible  to  receive  such  flows  using  special  powerful 
sources  of  atomic  flows. 

One  of  such  sources,  source  of  type  ISP,  the  description  of  which  is  given  below  and 
based  on  following  physical  principles: 

A)  The  acceleration  of  ions  occurs  in  the  plasma  volume.  Thus  in  plasma  there  are  the 
enough  electrical  fields  for  acceleration  of  ions  across  magnetic  field  up  to  required  of 
a  energy.  At  fulfilment  this  condition  there  are  practically  no  limitations  on  the  current 
of  accelerated  ions. 

B)  Fast  heavy  ions  are  magnetized  in  the  plasma  volume  of  source.  The  flow  of 
accelerated  heavy  particles  is  removed  from  source  not  in  the  form  of  ions,  but  in  the 
form  of  neutral  atoms.  The  main  channel  of  leaving  of  ions  from  plasma  is  charge- 
exchange  in  plasma  volume  and  leaving  as  fast  heavy  atoms.  That  results  in  high 
efficiency  of  use  of  working  substance  and  low  power  losses.  Besides  the 
transportation  of  atomic  flows  hasn’t  any  limitations  due  to  space  charge. 

C)  The  heavy  ions  are  created  at  ionization  of  cold  neutral  atoms  (gas  of  neutral 
atoms).  These  atoms,  in  turn,  are  created  at  the  sputtering  of  the  cathode  material  by 
fast  heavy  ions  of  plasma. 

Principle  of  creation  of  working  substance  by  self-sputtering  of  the  cathode  material 
permits  to  work  for  this  source  practically  with  any  material. 

Below  we  consider  a  principle  of  work  and  design  of  the  source  of  fast  heavy  atoms 
(ISP)  in  detail.  Early  the  brief  reports  on  this  source  were  published  on  conferences  in 
Ekaterinburg  [  6  ]  and  Dubna  [  7  ]. 
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3.  Source  of  fast  heavy  atoms. 

Source  of  fast  heavy  atoms  is  the  system  with  crossed  fields  (  axial  magnetic  and  radial 
electrical )  -  ISP  is  shown  in  Fig.l. 

Main  processes  occurring  in  the  source  are  is  shown  in  Fig.2: 

The  radial  electrical  field  in  plasma  volume  is  supported  by  the  electron  conductivity 
along  the  lines  of  a  magnetic  field  and  system  of  end  electrodes.  The  bom  in  plasma 
ion  falls  on  cathode  and  sputters  substance  of  cathode.  Sputtered  heavy  atom  move  in 
radial  direction  and  is  ionized  in  plasma.  In  crossed  fields  of  the  source  the  heavy  ion 
is  accelerated  moving  on  the  cycloidal  trajectory. 

The  part  of  fast  heavy  ions  falls  on  cathode  and  due  to  the  effect  of  the  self-sputtering 
support  the  balance  of  particles  in  the  discharge.  The  other  ions  moving  on  cycloid  are 
in  plasma  volume  up  to  moment  of  the  charge-exchange  on  neutral  gas  consisting 
mainly  of  sputtered  heavy  atoms. 

As  this  process  is  the  main  channel  of  losses  of  ions,  the  source  is  rather  economic. 
The  significant  part  of  energy  from  source  go  out  by  fast  heavy  atoms. 

The  energy  of  fast  heavy  atom  is  close  to  energy  expended  for  reception  of  this  atom  in 
the  source,  that  specifies  high  profitability  of  the  source. 

From  considered  above  circuit  of  work  of  the  source  follows,  that  the  source  is 
universal  and  can  work  practically  with  any  substance  sputtered  at  ion  bombardment. 
Feature  of  work  of  the  source  is  a  stable  voltage  on  plasma  at  change  of  discharge 
current  in  wide  range  as  seen  in  Fig.3. 

The  quantity  of  discharge  voltage  depends  on  material  of  the  cathode  and  macroscopic 
parameters  (magnetic  field,  geometrical  dimensions  and  etc.). 

In  considered  variant  the  source  works  in  pulsing  mode,  the  duration  of  discharge 
depends  on  capacity  of  power  supply  systems  (  t~l-20  msec).  There  is  not  enough 
restriction  on  discharge  currents  ( up  to  600  A  and  more  ). 

Serviceability  of  a  source  with  various  materials  of  the  cathode  (  Mo,  W,  Ti,  C,  Cu, 
Ni,  BN  )  is  shown. 

Experimental  results  are  in  agreement  with  numerical  calculations  of  main  parameters 
of  the  source  [8]. 
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4.  Main  parameters  of  atomic  flows. 

Leaving  from  the  source  the  fan  atomic  flow  has  practically  absolute  azimuthal 
uniformity  (angle-2it).  In  longitudinal  direction  the  uniformity  is  order  of  25  %  on 
distance  25  mm  from  central  plane  as  seen  in  Fig.  4. 

The  simultaneously  irradiated  area  by  an  atomic  flow  is  not  less  than  1000  sm  .  The 
energy  spectrum  of  fast  heavy  atoms  is  shown  in  Fig.  5.  The  energy  spectrum  is 
spreaded  because  of  features  of  work  of  the  source. 


5.  Results  of  experiments. 

For  check  of  possibility  of  the  implantation  at  the  intermediate  energies  by  the 
intensive  atomic  flows  experiments  on  source  of  fast  heavy  atoms  (ISP)  were  fulfilled. 
The  carbon  atoms  beam  with  appropriate  parameters  were  used  for  this  experiments  :  < 
Y/>  ~2.5  kev  at  wide  energy  spectrum  W  <5  kev,  j — 50  mA/sm2.  Targets  are  titanium 
and  niobium  samples  (12  class  of  processing).  Temperature  of  targets  was  t~100°C  at 
heating  by  the  falling  beam  in  time  of  the  irradiation. 

The  doze  of  implantation  was  in  limits  -  (1-5)*  1018  sm'2.  As  is  known,  the  atomic  and 
ion  implantations  do  not  differ  significantly  because  the  interaction  of  implanted  flow 
with  target  does  not  depend  from  of  the  charge  of  particles. 

Diagnostics  of  the  implanted  samples  was  made  by  X-ray  diffraction  on  the  SR  station 
"Anomalous  scaterring  ",  INP. 

The  carbide  phases  (Nt^C,  TiC)  are  detected  in  Fig.6,  7. 

Measurement  by  the  sliding  x-ray  beam  has  allowed  to  evaluate  the  thickness  of 
impurity  layer  TiC.  Intensity  of  the  TiC  reflex  depending  on  angle  of  sliding  x-ray 
beam  is  shown  in  Fig.8. 

Thickness  of  impurity  layers:  TiC  ~  3.5  microns,  Nb2C  ~  0.8  microns. 

It  shows  the  deep  penetration  of  carbon  atoms  in  target  with  formation  of  a  new  phase. 
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6.  Discussion. 

6.1.  Received  results  on  the  implantation  at  the  intermediate  energies  with  use  the 
powerful  source  of  fast  heavy  atoms: 

Depth  of  penetration  of  carbon  into  titanium  ~  3.5  microns  at  projective  run  ~45  A 
testify  on  the  availability  of  powerful  diffusion,  first  of  all  radiation-stimulated,  in 
process  of  the  irradiation.  The  most  probably  it  is  connected  with  high  intensity  of 
flow  (—50  mA/sm2). 

Similar  conclusions  underlining  influence  to  process  of  a  implantation  besides  energy 
of  particles,  such  parameters  as  intensity  of  a  falling  flow,  temperature  of  a  target  were 
made  before  in  theoretical  and  experimental  works  [  3,9,10,1 1,12] 

It  is  shown  that  the  intensive  flows  of  implanted  particles  at  the  intermediate  energy 
can  modify  surface  layers  of  enough  large  thickness. 

6.2.  An  important  feature  of  the  implantation  at  the  intermediate  energies  -  possibility 
of  essential  increase  of  productivity  of  implantation  process. 

The  main  limitation  on  speed  of  processing  of  materials  and,  accordingly,  on 
productivity  are  connected  to  thermal  regime  of  implanted  details  or  to  limitation  on 
maximum  speed  of  heat  transfer. 

With  equal  conditions  the  decrease  of  energy  of  falling  nucleuses,  for  example  from  50 
kev  up  to  1.5-2  kev,  means  an  possibility  of  increase  of  flows  of  falling  nucleuses  ( 
atoms  )  in  20-30  times  at  preservation  of  thermal  flow  on  a  target.  That  means 
increasing  of  productivity  in  the  same  number  of  times. 

The  increase  of  intensity  of  flow,  which  naturally  occurs  in  this  case,  can  essentially 
increase  speed  of  diffusion  processes,  that  in  turn  results  in  improvement  of  some 
parameters  of  implanted  materials. 

Thus,  transition  from  traditional  ion  implantation  to  the  implantation  at  the 
intermediate  -energy  permits  not  only  essentially  to  increase  the  productivity  of 
implantation,  but  also  appreciably  to  improve  its  efficiency. 
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7.  Conclusions 

7.1.  It  is  shown,  that  the  implantation  at  the  intermediate  energies  is  realized  at  energy 
of  carbon  atoms  of  2.5  kev  and  as  result  the  carbide  phase  (  TiC  )  in  titanium  on  depth 
3.5  microns  had  formed. 

7.2.  Implantation  at  the  intermediate  energy  permits  essentially  to  increase  the 
technological  productivity  in  comparison  with  traditional  methods. 

7.3.  The  high  intensity  of  flows  can  essentially  improve  the  quality  of  the  implantation 

due  to  diffusion  processes. 

7.4.  The  problems  of  the  implantation  of  insulator  materials  can  be  solved  by  using  the 

atomic  flows.  / 

7.5.  Use  of  the  source  of  fast  heavy  atoms  (ISP)  permits  to  realize  all  advantages  of  the 
implantation  at  the  intermediate  energies. 
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Fig.  1  Source  of  fast  heavy  atoms  (1  -  coil  of  electromagnet,  2  -  vacuum  chamber 
3a  -  cathode,  3b  -  anode,  4  -  end  electrodes,  5  -  insulator,  6  -  power  supply,  7 
outlet  pipe,  8  -  vacuum  valve,  9  -  target) 


Fig.  2  Main  processes  in  source  of  fast  heavy  atoms  (A  -  fast  heavy  atom,  a  - 
sputtered  atom,  i  -  heavy  ion  ). 
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Fig.  3  Characteristic  oscillograms  of  cuiTent  and  voltage  of  the  source  of  fast  heavy 
atoms. 

Fig.  4  Uniformity  of  atomic  flow  in  longitudinal  direction. 


Fig.  5  Characteristic  energy  spectrum  of  fast  heavy  atoms  (Wo=  5  kev). 

Fig.  6  Reflex  X-rayogram  of  irratiated  titanium  sample  (~5%-TiC  on  13.5  micron  at 
D~3*1018  sm'2  ). 
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ABSTRACT 

The  paper  deals  with  design  principles  and  basic  properties  of  ion  sources  with  large- 
cross-section  beams  on  the  basis  of  a  low-pressure  glow  discharge.  It  is  shown  that 
properties  of  the  discharge  in  a  coaxial  electrode  structure  with  a  hollow  cathode  in  a 
magnetic  field  favor  its  use  in  sources  of  gas  ions.  Application  of  a  weak  magnetic  field 
facilitates  igniting  of  the  discharge  in  an  reverse-magnetron  electrode  system  with  a 
hollow  cathode  and  a  rod  anode,  ensures  stable  running  of  the  discharge  at  high 
currents  and  low  gas  pressures,  and  provides  for  formation  of  a  homogeneous  plasma 
ion  emitter  with  a  large  working  surface.  The  discharge  realized  in  a  strong  magnetic 
field  in  the  cathode  region,  which  is  used  in  a  plasmatron-type  electrode  system  with 
extraction  of  ions  from  the  plasma  generated  in  the  anodic  part  of  the  discharge,  gives 
improved  gas  and  energy  efficiency  of  the  ion  source.  The  conditions  of  discharge 
igniting,  discharge  characteristics,  ion-emission  properties  of  the  plasma,  mass-charge 
composition  of  the  plasma,  contamination  of  the  plasma  as  a  result  of  the  cathode 
sputtering  in  the  glow  discharge,  features  specific  to  extraction  of  ions  and  formation  of 
beams  in  electrostatic  ion-optical  systems  are  compared  for  the  two  plasma-emission 
structures  employing  a  hollow-cathode  glow  discharge.  The  paper  describes 
characteristics  and  possible  applications  of  gas-ion  sources  generating  ion  beams  having 
the  cross-sectional  area  of  5-200  cm2  and  the  energy  of  1-50  keV  under  pulsed  and 
continuous  regimes.  The  beam  current  density  is  from  10  pA/cm2  to  10  mA/cm2. 


1.  INTRODUCTION 


Glow-discharge  glow  discharge  plasma  ion  emitters  show  promise  as  one  of  the 
leads  in  the  development  of  the  technique  for  generation  of  broad  beams  of  gas  ions  to 
be  used  for  technological  purposes,  specifically  for  ion  implantation  and  ion-assisted 
deposition  of  coatings.  Cold-cathode  sources  are  simple  and  reliable  in  service.  They 
can  continuously  operate  in  a  reactive  gas  atmosphere. 

The  glow  discharge  properties  determine  certain  characteristic  features  of  the  ion 
sources.  The  ion-electron  type  of  emission  of  the  cathode  determines  a  high  operating 
voltage  of  the  discharge  and,  correspondingly,  a  high  cost  of  ion.  The  cathode 
sputtering  may  cause  contamination  of  the  plasma  and  the  ion  beam.  A  self-contained 
low-voltage  high-current  glow  discharge  is  stable  at  higher  gas  pressures  compared  to 
the  hot  filament  discharge. 

The  glow  discharge  in  a  source  generating  a  broad  ion  beam  (BIB)  must  not  only 
operate  at  the  lowest  possible  values  of  gas  pressure  p  and  discharge  voltage  U  but  also 
create  a  large-size  plasma  ion  emitter  with  a  high  homogeneity  of  ion-emission 
properties.  The  gas  pressure  in  the  discharge  depends  on  the  efficiency  of  gas  ionization 
by  primary  electrons.  Minimum  values  of  p  are  achieved  in  discharges  with  electrons 
oscillating  in  an  electric  field  (hollow-cathode  discharge)  and  crossing  electric  and 
magnetic  fields  (magnetron  and  Penning  discharges)  [1]  .  Magnetic  confinement  of  fast 
electrons  leads  however  to  a  creation  of  plasma  density  gradient  normal  to  the  magnetic 
field  [2],  On  the  contrary,  electrostatic  confinement  of  electrons  in  a  hollow-cathode 
(HC)  discharge  provides  not  only  an  efficient  ionization  of  the  low-pressure  gas  but  also 
a  high  spatial  homogeneity  of  the  generated  plasma  [3  ]. 

The  characteristics  of  the  HC  glow  discharge  ion  emitter  can  be  considerably 
improved  by  using  of  electrostatic  confinement  of  fast  electrons  and  magnetic 
confinement  of  low-energy  plasma  electrons.  This  principle  is  realized  in  an  inverse- 
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magnetron  electrode  system  [4],  where  a  weak  longitudinal  magnetic  field  provides 
control  over  the  radial  profile  of  the  plasma  density.  Strong  magnetic  field  in  the 
cathode  chamber,  which  provides  a  decrease  in  the  values  of  breakdown  and  operating 
voltage  of  the  discharge,  can  be  used  in  a  plasmatron  electrode  system  comprising 
cathode  and  anode  chambers  separated  with  an  open  diaphragm.  Ions  are  extracted 
from  the  plasma  generated  in  the  anodic  part  of  the  discharge. 

This  paper  deals  with  the  results  of  the  development  and  study  of  BIB  sources 
employing  magnetron  and  plasmatron  plasma-emission  structures.  A  comparison 
analysis  of  their  properties  has  been  performed. 

t 

2.  EXPERIMENTAL 

a.  Electrode  systems 

Diagrams  of  the  magnetron  (M-structure)  and  plasmatron  (P-structure)  electrode 
systems  are  shown  in  Fig.  1.  The  discharge  runs  between  the  hollow  cathode  1  and  the 
rod  (Fig.  la)  or  hollow  (Fig.  lb)  anode  2.  Ions  are  extracted  from  the  plasma  generated 
inside  chambers  with  dimensions  1  =  d  =  150  mm  along  the  magnetic  field  through  121 
holes  8  mm  in  diameter.  The  solenoid  4  produces  a  weak  magnetic  field  (up  to  several 
mT).  while  the  permanent  magnet  5  generates  a  strong  magnetic  field  (10-100  mT). 
Dimensions  of  the  hollow'  cathode  of  the  plasmatron  system  were  1  =  50  mm  and  d  =  30 
mm,  while  the  diaphragm’s  hole  diameter  was  ~10  mm.  Hollow  electrodes  were  made  of 
stainless  steel.  The  rod  anode  was  made  of  tungsten  and  had  dimensions  1  =  100  mm 
and  d  =  3  mm.  The  igniting  electrode  3  in  the  P-structure  is  the  anode  of  the  auxiliary 
discharge  ensuring  striking  of  the  main  one.  The  multi-aperture  electrostatic  optical 
system  (IOS)  6  used  to  extract  ions  from  the  plasma  and  to  form  a  broad  ion  beam. 

b.  Discharge  igniting 

A  study  of  glow  discharge  igniting  in  the  coaxial  electrode  system  at  low  pressures 
in  weak  electric  and  magnetic  fields  was  aimed  not  only  at  determination  of  the  static 
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breakdown  voltage  Ust  and  the  possibilities  of  its  lowering  but  also  at  examination  of 
the  breakdown  dynamics,  which  is  necessary  for  estimation  of  the  frequency  properties 
of  the  source  under  the  pulsed-periodic  regime.  We  measured  the  delay  time  td  of  the 
breakdown  and  its  statistical  spread,  and  the  average  time  of  the  high-current  discharge 
transition  to  a  steady  state  and  formation  of  an  extended  plasma  ion  emitter  ts. 

A  pulse-  forming  line  with  1  ps  -  rise  time  <  and  20  ps  -  pulse  duration  was  used  in 
the  experiments.  The  voltage  applied  to  the  gap  was  2-5  times  as  high  as  the  static 
breakdown  voltage  (Fig.  2a),  the  discharge  current  was  5-20  A,. 

The  experimentally  observed  static  spread  in  the  delay  time  td  was  ~2-3  ps  and  was 
independent  of  the  pulse  repetition  frequency  over  the  range  of  0.01-50  pps.  Hence, 
considering  that  the  probability  of  the  electron  return  to  the  cathode  is  ~0.5  [5  ],  the 
frequency  of  occurrence  of  initiating  electrons  at  the  cathode  1000  cm2  in  area  equals 
about  106  1/s.  The  delay  time  of  breakdown  decreases  with  the  growing  magnetic 
induction  B,  gas  pressure  p  and  the  applied  voltage  (Fig.  2b)  and  on  the  average  is  equal 
to  several  tens  of  ps.  However  the  possibility  of  increasing  these  quantities  in  a 
magnetron-type  ion  source  is  limited. 

The  discharge  igniting  in  the  low-pressure  inverse-magnetron  system  with 
oscillating  electrons  obeys  the  basic  laws  of  the  Taunsend  breakdown,  though  electron 
avalanches  are  not  spatially  formed  under  these  conditions.  An  avalanche  rise  of  the 
current  is  accompanied  by  an  increase  in  the  charged  particle  density  throughout  the 
gap.  When  the  current  It  >  10  mA  is  reached,  the  glow  discharge  occurs. 

The  estimates  made  using  measured  td  and  It  and  also  the  relations  of  the  current 
multiplication  coefficient  p  =  y(exp  1/A.- 1 )  and  the  time  dependence  of  the  current  in  the 
gap  I  -  exp[t(p  -1)/t]  [6]  suggest  that  the  primary  electrons  perform  on  the  average  3-4 
ionizing  collisions.  Correspondingly,  the  number  of  avalanche  electrons  exp  (1/A)  is  - 
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10-20.  The  electron  path  1  ~  10  m,  a  value  which  is  2  orders  of  magnitude  larger  than 
the  interelectrode  spacing.  The  secondary  electron  emission  coefficient  y  was  taken  to  be 

0.1  and  the  avalanche  formation  time  x  ~  2  ps. 

The  time  of  glow  discharge  transition  to  a  steady  state  and  the  formation  of  the 
large-size  plasma  ion  emitter  ts  was  estimated  from  the  time  shift  of  the  oscillograms  of 
the  discharge  Id  and  ion  beam  lb  currents  and  was  about  ~  5-10  ps  (Fig.  3). 

The  discharge  igniting  in  a  plasmatron  system  has  been  studied  elsewhere  [7]. 
Because  of  a  high  value  of  igniting  voltage  it  is  more  expedient  to  use  an  auxiliary 
discharge  producing  plasma  in  a  HC!  The  main  discharge  is  fired  when  the  condition  of 
blowing  up  of  near-electrode  layers  of  the  space  charge  in  the  cathode  diaphragm 
aperture  is  fulfilled.  Since  the  layer  thickness  depends  on  the  plasma  potential,  the  effect 
of  lowering  of  the  decaying  plasma  potential  is  used  in  ref.  [7].  To  facilitate  igniting  of 
the  plasmatron  discharge,  we  lower  the  plasma  potential  and  increase  the  auxiliary 
discharge  current  by  auxiliary  glow-to-arc  transition.  The  use  of  a  pulsed  arc  discharge 
on  condition  the  current  is  limited  in  the  main  discharge  circuit  provides  for  reliable 
and  economic  igniting  of  the  discharge.  Strong  magnetic  fields  and  a  high  pressure  of 
the  gas  leaked  into  the  chamber  ensure  sufficiently  small  time  of  igniting  (several  ps). 
c.  Discharge  characteristics  and  ion-emission  properties  of  the  plasma 
Current-voltage  characteristics  of  the  magnetron  discharge  represent  increasing 
curves  (Fig.  4(1,2)).  The  discharge  voltage  U  lowers  with  growing  B  (Fig.  4(3,4))  and  the 
pressure  p.  In  addition  to  the  decrease  in  U,  the  growth  of  B  enhances  anisotropy  of  the 
discharge.  Fig.  5  illustrates  redistribution  of  the  current  between  parts  of  the  hollow 
cathode  as  B  is  varied  and  no  voltage  is  applied  to  the  IOS.  A  drop  of  the  current  at  the 
end-face  emitter  electrode  (1)  leads  to  a  decrease  in  the  ion  beam  current. 
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Strong  magnetic  fields  in  the  cathode  region  of  the  P-  structure  ensure  a 
considerable  decrease  in  the  operating  voltage  of  the  plasmatron  discharge.  The  voltage 
does  not  exceed  450  V  under  the  currents  >0.2  A,  B  ~  0.05-0.1  T  and  gas  (argon)  flow 
rate  <103  cm3  atm/h  and  is  little  sensitive  to  conditions  in  the  anode  chamber  [8  ]. 

In  addition  to  the  value  of  the  magnetic  induction,  I-U  characteristics  of  the 
discharge  in  the  P-structure  largely  depend  on  the  size  of  the  diaphragm  aperture,  which 
serves  as  a.  small-sized  anode  for  the  HC  discharge.  To  minimize  U,  the  cross-sectional 
area  of  the  current-conducting  channel  S  should  be  close  to  the  optimal  value 
determined  from  the  ratio  Sc/S~(M/m)l/:,  where  Sc  is  the  HC  surface  area  [2].  If  S 
exceeds  the  optimal  value,  the  loss  of  fast  electrons  increases  and  U  rises.  If  S  is  small, 
an  electrostatic  double  layer  appears  in  the  neck  and  ionization  in  the  anodic  region  of 
the  discharge  improves  [2].  But  with  small  S,  the  minimum  stable  current  of  the 
discharge  rises  and  glow  discharge  igniting  conditions  are  impaired.  For  this  reason  S  is 
optimized  considering  a  set  of  requirements  to  be  met  by  a  specific  source  of  ions. 

Parameters  of  the  magnetron  discharge  plasma  in  under  low  B  were  measured 
using  a  probe  technique  and  the  method  of  double  electron  differentiation  of  the  U-I 
probe  curve.  The  measured  temperature  of  the  plasma  electrons  is  several  eV.  The 
plasma  potential  lowers  relative  the  anode  potential  to  ~50  eV  with  growing  B  to  5  mT, 
a  fact  which  testifies  a  positive  anodic  potential  drop  formation.  As  soon  as  the 
threshold  induction  B  ~  0.8-0. 9  mT  is  reached,  the  plasma  instability  develops  that 
modulating  the  plasma  potential  and  density.  Amplitude  of  the  beam  current 
modulation  can  be  as  high  as  ~25  %  and  the  frequency  of  modulation  >2-1 04  1/s. 

The  ion  emission  current  exhibits  an  almost  linear  dependence  on  the  discharge 
current  Id  at  small  B.  As  B  is  increased,  the  current  density  in  the  central  part  of  the  ion 
emitter  drops.  At  small  B  this  adds  to  homogeneity  of  the  emission  properties  of  the 
discharge  plasma  [4],  The  current  density  attains  1  mA/cm2  under  the  continuous  regime 
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with  the  discharge  current  up  to  2  A  and  is  as  high  as  10  mA/cm:  under  the  pulsed 
regime  (1  ms)  with  the  Id  up  to  15  A.  Efficiency  of  extraction  of  ions  from  the  plasma, 
which  is  determined  as  the  ratio  lb  /  Id,  amounts  to  6-8  %.  The  energy  efficiency  of  the 
ion  source  with  the  beam  150  cm:  in  cross-section  is  about  0.1  A/kW. 

Emission  properties  of  the  plasmatron  discharge  plasma  are  close  to  the  above 
values  and  are  described  elsewhere  [8,9].  One  of  the  principal  problems  is  a  high  density 
of  the  plasma  near  the  system  axis.  For  a  more  uniform  distribution  of  the  ion  emission 
current  one  has  to  use  redistributing  electrodes,  which  are  installed  in  the  plasma 
region,  or  ion  optics  with  radius-variable  transmittance. 

d.  Mass-charge  composition  of  the  plasma 

Contamination  of  a  gas  ion  beam  of  a  glow  discharge  based  source  is  caused 
mainly  by  sputtering  of  the  cathode.  If  the  discharge  runs  in  reactive  gases,  the  chemical 
composition  of  near-surface  layers  of  the  cathode  is  determined  by  the  prehistory  of  the 
discharge.  It  was  shown  [4]  that  the  glow  discharge  plasma  and,  correspondingly,  the 
nonseparated  ion  beam  contain  both  ions  of  the  cathode  material  and  ions  of  the 
previously  used  gas,  which  dissolved  in  the  cathode  material  or  formed  chemical 
compounds  with  it.  After  nitrogen  was  replaced  by  argon  the  content  of  impurity 
nitrogen  ions  in  the  discharge  with  a  noncooled  (~400  °C)  cathode  was  as  high  as  ~20  % 
and  decreased  to  ~  1  %  in  several  dozens  of  minutes. 

The  aim  of  the  experiments  was  to  study  the  influence  of  the  cathode  temperature 
on  contamination  of  the  plasma  with  gas  and  metal  ions  and  to  determine  the 
composition  of  the  nitrogen  plasma  under  different  values  of  Id,  B,  p  in  M  -  and  P  - 
electrode  systems.  The  experiments  were  performed  in  the  Id  range  of  0.1  to  10  A. 
A  high  density  of  the  plasma  hinders  a  direct  measurements  using  a  standard  mass 
spectrometer.  The  method  used  by  us  consisted  in  ion  extraction  and  formation  of  a 
divergent  beam  of  1  keV-ions  with  a  lowering  density  in  a  drift  space.  Diaphragms  with 
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small  apertures  cut  part  of  the  ion  beam  and  ensure  gas  pressure  difference.  A  radio¬ 
frequency  unipolar  mass  spectrometer  was  used  for  the  analysis.  The  input  ionizer  of 
the  spectrometer  was  replaced  by  an  IOS,  which  decelerated  ions  to  an  energy  of  100- 
300  eV.  This  provided  acceptable  values  of  the  mass  resolution  (AM  -  1  amu)  and  the 
sensitivity  threshold  (0.1  at.%)  of  the  analyzer. 

As  distinct  from  [4],  in  our  experiments  the  cathode  electrode  was  water-cooled 
and  ions  were  extracted  from  the  plasma  using  a  multi-aperture  IOS.  Thanks  to  this,  gas 
conditions  in  the  source  were  maintained  identical  to  those  for  the  normal  source 
operation..  To  lower  the  measurement  error  due  to  gas  atom  -  ion  collisions,  the  gas 
pressure  in  the  drift  region  and  the  analyzer  was  kept  at  a  level  of  4-1 0  5  Torr  using 
differential  pumping. 

Cooling  of  the  cathode  to  ~20  °C  almost  completely  eliminated  the  gas 
contamination.  After  switching  from  N:  to  Ar  the  content  of  impurity  nitrogen  ions  did 
not  exceed  ~1  %  and  was  not  detected  even  in  1-2  minutes.  The  content  of  the  cathode 
material  ions  (Fe+  and  Cr+)  in  the  plasma  produced  using  a  cooled  cathode  discharge 
increases  linearly  with  the  discharge  current  Id  (Fig.  6  ).  The  Ar  plasma  is  characterized 
by  the  largest  amount  of  metal  ions. 

The  ratio  of  atomic  to  molecular  ion  concentration  in  the  nitrogen  plasma  versus 
the  discharge  current  is  shown  in  Fig.  7.  As  the  Id  is  increased,  the  fraction  of  atomic 
ions  rises  and  exceeds  40  %  at  Id  >  2  A.  Measurements  of  the  mass-charge  composition 
of  the  nitrogen  plasma  in  the  anode  chamber  of  the  plasmatron  discharge  showed  that 
the  plasma  contains  predominantly  (~90  %)  molecular  ions.  Content  of  metal  ions  was 
below  the  detection  limit. 

e.  Formation  of  a  broad  ion  beams 

The  beam  was  formed  using  electrostatic  multi-aperture  three-electrode  systems. 
IOS  with  large-diameter  (8  mm)  apertures,  which  are  the  same  for  all  the  electrodes,  was 
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employed-  The  ion  optics  is  easy  to  manufacture  and  maintain.  Performance  of  the 
optics  is  optimized  by  changing  the  electrode  thickness  and  the  accelerating  gap  length 
under  both  high-current  pulsed  and  continuous  modes  of  the  beam  generation.  The  aim 
of  the  optimization  is  to  form  divergent  beams  with  half-angle  of  ~5°  in  separate 
apertures  without  the  loss  of  the  ions  at  the  IOS  electrodes.  For  the  smaller  angles  a 
local  beam  inhomogeneities  appear  in  the  plane  of  the  sample  holder.  If  the  angle  is 
larger,  homogeneity  of  the  broad  ion  beam  may  be  impaired  owing  to  a  redistribution 
of  the  beam  current  density  along  the  drift  length  (150-200  mm)  [10]. 

The  IOS  is  simulated  using  the  BEAMCAD  software  developed  by  Dr.  Yu.  A. 
Kovalenko  (All-Russian  Electrotechnical  Institute,  Moscow).  The  simulation  and 
experimental  results  are  indicative  of  a  radical  difference  in  the  formation  of  the  beam 
by  the  electrostatic  IOS  in  M-  and  P-structures.  An  extended  near-electrode  layer  of 
space  charge  with  a  potential  drop  of  hundreds  of  volts,  which  exists  in  the  M-structure, 
screens  the  field  of  the  accelerating  gap.  For  this  reason,  as  distinct  from  the  P- 
structure,  where  focusing  is  due  to  the  formation  of  a  concave  plasma  boundary  (Fig.  8 
a.c  ),  in  the  M-structure  the  decisive  role  is  played  by  the  lens  effect  in  the  apertures  of 
the  emitter  electrode  and  focusing  can  be  realized  even  if  the  plasma  boundary  is  convex 
(Fig.  8  d  ).  Screening  of  the  accelerating  field  hampers  most  the  formation  of  the  beam 
at  low  accelerating  voltages  (~1  kV)  and  high  current  densities  (-20  mA/cm2)  [10]. 

f.  Characteristics  and  application  of  the  sources 

An  ion  sources  have  been  designed  for  modification  of  materials  by  ion 
implantation  and  for  ion-assisted  deposition  of  coatings.  The  ion  source  [11]  based  on 
the  M-structure  generates  beams  of  argon,  nitrogen  and  oxygen  ions  and  ions  of 
carbon-containing  gases  with  the  ion  energy  up  to  50  keV  and  an  average  current  up  to 
100  mA.  The  source  of  this  type  permits  producing  broad  homogeneous  beams  (-200 
cm2)  with  the  current  density  from  10  pA/cm2  to  10  mA/cm2  and  the  pulse  duration 
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from  ~10  ps  to  the  continuous  mode.  By  present  the  source  has  run  for  -1000  hours 
and  emission  properties  of  the  cathode  has  not  changed.  A  P-structure  continuous¬ 
mode  ion  source  has  been  developed,  providing  the  large-cross-section  beam  with  the 
beam  current  of  up  to  70  mA  and  offering  a  higher  energy  efficiency  (0.35  A/kW)  [8]. 

Advantages  of  the  plasmatron  structure  have  been  realized  most  in  a  small-size 
source  of  low-energy  beams  of  gas  ions  for  ion-beam  sputtering  and  deposition  of 
coatings  [10].  At  a  low  gas  flow  rate  (200  cm3  atm/h)  and  a  small  discharge  voltage 
(400  V)  this  source  generates  1-keV  ion  beam  with  the  current  up  to  40  mA,  and  the 
cross  sectional  area  of -5  cm2.  A  magnetron-discharge  ion  source  has  been  designed  for 
preliminary  ion  beam  cleaning  of  surfaces  before  coating  deposition  using  vacuum  arc. 
The  cross  section  of  the  ion  beam  is  of  200  cm2,  the  current  is  up  to  150  mA,  and  the  ion 
energy  is  2-3  keV  [11]. 

The  sources  were  used  to  study  the  influence  of  ion  treatment  on  the  structure  and 
properties  of  various  materials.  The  effect  of  30-keV  beams  of  nitrogen  and  carbon  ions 
on  the  X18H10T  stainless  steel  has  been  analyzed  over  a  broad  range  of  doses  (1 0 16- 1 0 18 
1/cm-)  and  temperatures  (100-600  °C)  [12],  Profiles  of  implanted  particles  were 
measured,  XRD-analysis  of  the  surface  layer  structure  was  performed,  nano-  and 
microhardness  of  samples  was  determined,  and  wear  tests  were  carried  out.  Various 
structures,  including  a  martensitic  structure,  formed  in  near-surface  layers  subject  to 
treatment  with  carbon  ions  provide  a  3-  to  4-fold  increase  in  microhardness.  The  wear 
rate  decreases  by  —100  times  under  optimal  temperature-dose  conditions  of  nitrogen  ion 
implantation  (1018  cm'2,  380  °C)  ensuring  the  required  combination  of  the  impurity 
concentration  and  depth  of  the  modified  layer. 

Polyethylene  and  fluoroplastic  underwent  a  low-dose  (1013-1015  1/cm2)  treatment 
with  beams  of  nitrogen,  oxygen  and  carbon  ions  [13,14].  Samples  were  analyzed  using 
IR  and  UV  spectroscopy  and  IR  ATR  spectroscopy.  The  wetting  angle  was  measured 
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and  adhesion  tests  were  performed.  Adhesion  of  the  polymer  surface  improves 
considerably  on  exposure  to  small  doses  (10l3-1014  1/cm2  for  polyethylene  and  up  to  1015 
1/cm2  for  fluoroplastic).  A  strong  joint  between  the  polymers  and  reactive  adhesives  like 
epoxy  resin  has  been  achieved. 

The  influence  of  ion-beam  treatment  on  adhesion  of  a  copper  coating  to 
polyethylene  and  fluoroplastic  has  been  analyzed.  XRD-method  was  used  to  examine 
the  polymer  and  coating  structures.  The  interface  was  analyzed  by  the  RBS-method. 
Spectroscopic  techniques  were  employed  to  examine  the  molecular  structure  of  the 
polymers.  Tear  tests  were  performed.  It  is  shown  that  ion  beam  treatment  has  a  great 
effect  on  the  joint  strength.  The  result  depends  both  on  the  ion  energy  and  on  the  ratio 
between  the  accelerated  ion  flow  and  the  flow  of  atoms  of  the  sputtered  material  at  the 
initial  stage  of  the  coating  formation. 

The  influence  of  preliminary  implantation  of  nitrogen  and  carbon  ions  in  stainless 
and  tool  steels  on  abrasive  wear  resistance  of  diamond-like  coatings  (DLC’s)  has  been 
studied  [15-17],  We  measured  implantation  profiles,  substrate  microhardness  and 
durability  of  DLC’s  in  a  stream  of  abrasive  particles.  The  film  durability  increased  by  3- 
5  times  when  the  P6M5  tool  steel  was  treated  with  an  optimal  dose  (1018  1/cm2)  of 
nitrogen  ions  irrespective  of  other  implantation  parameters. 

3.  DISCUSSION 

The  principal  difference  between  magnetron  and  plasmatron  plasma-emission 
systems  is  that  in  the  P-system  the  cathodic  and  anodic  parts  of  the  discharge  are 
spatially  separated  according  to  their  functions  in  the  ion  source.  The  processes  in  the 
cathodic  part  are  responsible  mainly  for  the  cold-cathode  emission,  whereas  those  in  the 
anodic  part  determine  ion-emission  properties  of  the  plasma.  This  makes  it  possible  to 
independently  optimize,  to  a  certain  extent,  the  conditions  of  discharge  running  and 
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extraction  of  ions  from  the  plasma  and  also  depress  the  effect  of  the  ion  extraction  on 
the  glow  discharge  characteristics.  In  turn,  the  M-structure  also  has  some  merits 
associated  with  improved  conditions  of  discharge  igniting  owing  to  an  optimal 
distribution  of  electric  and  magnetic  fields,  a  lower  probability  of  the  glow-to-arc 
transition  due  to  a  larger  area  of  the  cathode,  and  the  possibility  of  creating  and  scaling 
a  homogeneous  large-size  plasma  emitter  with  a  high  density  of  the  ion  emission 
current. 

Use  of  a  weak  magnetic  field  improves  confinement  of  primary  electrons  in  the 
magnetron  system,  because  their  trajectories  do  not  pass  through  the  central  region  of 
the  discharge  where  the  anode  is  installed.  As  a  result,  the  discharge  develops  faster,  the 
igniting  and  operating  discharge  voltages  lower,  and/or  the  minimum  working  pressure 
of  the  gas  decreases.  Here  plasma  electrons  are  magnetized  and  therefore  a  flat  profile 
of  the  emitting  plasma  density  can  be  formed  by  changing  B. 

Our  examination  of  the  conditions  of  the  glow  discharge  igniting  under  a  pulsed- 
periodic  regime  confirms  the  existence  of  an  effective  mechanism  by  which  initiating 
electrons  are  generated.  The  mechanism  is  due  to  the  exoelectron  emission  of  the 
cathode  [18]  arising  from  disturbance  of  the  cathode  surface  structure  under  an 
intensive  ion  bombardment.  The  possibility  of  accelerating  the  discharge  development 
by  using  higher  B,  p  and  applied  voltage  in  the  magnetron-type  broad  beam  ion  source 
is  limited  since  in  this  case  the  emission  current  density  j  lowers,  the  homogeneity  of  j 
distribution  is  impaired,  and  the  electric  strength  of  the  accelerating  gap  deteriorates. 
After  the  glow  discharge  appears  during  the  characteristic  time  <100  ps,  a  high-current 
discharge  is  established  and  a  uniform  large-size  plasma  ion  emitter  is  formed  in  5-10 
ps.  So,  the  M-system  in  question  provides  generation  of  broad  ion  beams  with 
duration  >10  pis  and  pulse  repetition  rate  ~104  pps.  Use  of  a  strong  magnetic  fields  in 
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the  magnetic  shielded  cathodic  region  of  the  P-  structure  makes  it  possible  to  generate 
broad  ion  beams  and  improves  the  energy  and  gas  efficiency  of  the  ion  source. 

The  plasma  of  the  low-pressure  glow  discharge  in  the  cathode  chamber  is 
characterized  by  the  presence  of  impurity  metal  and  gas  ions.  They  are  due  to  an 
intensive  ion  sputtering  of  the  cathode,  the  sputtering  rate  at  the  sputtering  coefficient 
~0.5  being  —2-4- 1 0*4  g/C.  A  relatively  low  content  of  metal  ions  in  the  plasma  is 
explained  by  a  high  kinetic  energy  (1-10  eV)  of  the  sputtered  atoms  [19]  and,  as  a 
consequence,  low  probability  of  their  ionization  in  the  volume  and  predominant 
condensation  of  the  metal  ions  on  the  cathode  chamber  walls.  Formation  of  the 
chemical  compounds  on  the  surface  layer  of  the  noncooled  cathode  leads  to  appearance 
of  a  gas  impurity  in  the  plasma  when  the  working  gas  is  replaced.  This  effect  can  be 
reduced  if  the  cathode  is  cooled  efficiently.  A  lower  content  of  metal  ions  in  the 
discharge  plasma  produced  using  a  noncooled  cathode  can  be  attributed  to  a  smaller 
selective  sputtering  rate  of  metal  entering  the  chemical  compounds  [20]. 

The  mass-charge  composition  of  the  plasma  in  molecular  gases,  specifically, 
nitrogen,  is  determined  by  the  plasma  concentration  and  temperature  of  electrons,  i.e. 
depends  on  the  type  and  parameters  of  the  discharge  [21,22].  A  high  energy  of  primary 
electrons  in  the  cathode  chamber  ensures  a  high  (up  to  50  %)  content  of  atomic  ions  in  a 
high-current  nitrogen  plasma.  The  plasmatron-discharge  anode  plasma  contains  mainly 
molecular  atoms  of  nitrogen.  This  may  be  due  to  the  fact  that  the  mean  energy  of 
ionizing  electrons  in  the  anodic  part  of  the  discharge  is  much  lower.  Contamination  of 
the  anode  plasma  with  metal  ions  is  insignificant  (<0.1  %),  because  sputtering  products 
are  deposited  mostly  on  the  walls  of  the  screened  cathode  chamber. 

So,  by  a  proper  selection  of  the  parameters,  conditions  of  discharge  running  and 
type  of  the  electrode  structure  of  a  hollow-cathode  glow  discharge  it  is  possible  to 
decrease  the  content  of  both  gas  and  metal  impurities  in  the  ion  beam  to  0.1-1  at.%. 
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A  near-cathode  layer  of  space  charge  with  a  potential  drop  of  hundreds  of  volts 
does  not  permit  the  use  of  plasma  focusing  for  formation  of  beams  in  an  electrostatic 
IOS.  But  the  focusing  effect  of  the  electrostatic  field  in  the  aperture  of  the  emitter 
electrode  proves  to  be  sufficient  for  formation  of  convergent  laminar  beams  crossing 
over  outside  the  IOS  at  a  high  density  of  the  emission  current.  Moreover,  the  layer  of 
space  charge  makes  it  easier  to  match  properties  of  the  plasma  emitter  and  the  ion 
optics  over  a  broad  range  of  current  densities  j  and  ion  energies  ,  except  the  case  of  a 
high  j  and  a  low  ion  energy,  where  the  use  of  the  P-structure  is  preferable  [10]. 

4.  CONCLUSIONS 

The  use  of  glow  discharge  for  generation  of  large-cross-section  ion  beams  provides  for  a 
considerable  improvement  of  reliability  and  durability  of  technological  gas-ion  sources 
and  simplifies  their  design  and  maintenance.  We  looked  into  the  properties  of  a  hollow- 
cathode  discharge  in  a  magnetic  field  at  low'  pressures.  We  also  analyzed  the  conditions 
under  which  a  dense  quiescent  homogeneous  plasma  is  generated  in  the  discharge  and 
properties  of  the  plasma  ion  emitter  and  the  electrostatic  beam  formation  system  match. 
The  comparison  analysis  of  the  properties  of  the  plasmatron  and  magnetron  plasma- 
emission  structures  can  serve  as  a  basis  for  purposeful  selection  of  electrode  systems, 
discharge  running  modes  and  conditions  of  beam  formation,  which  w'ould  provide  such 
characteristics  of  the  source  and  parameters  of  the  beam  as  required  in  particular 
applications.  The  results  of  the  research  were  used  for  development  of  ion  sources 
operating  under  continuous  and  pulsed  regimes  and  generating  large-cross-section 
beams  over  a  broad  range  of  ion  energies  and  beam  current  densities. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  diagram  of  the  magnetron  (a)  and  plasmatron  (b)  electrode  structures 
1  -  cold  hollow  cathode,  2  -  anode,  3  -  igniting  electrode,  4  -  solenoid,  5-  permanent 
magnet,  6  -  ion  optical  system. 

Fig.  2.  Time  of  glow  discharge  formation  (1-3)  and  static  breakdown  voltage  (4) 
vs  magnetic  induction. 

Gas  (nitrogen)  pressure  p  =  0.06  Pa  (1,3),  0.04  Pa  (2,4). 

Applied  voltage  Ua  =  3  kV  (1),  5  kY  (2,3),  magnetic  induction  B  =  1  mT  (4). 

Fig.  3.  Waveforms  of  beam  current  (1-3)  and  discharge  current  (4). 

Gas  (nitrogen)  pressure  p  =  0.04  Pa,  magnetic  induction  B  =  1 ,3  (1);  0,8  (2);  0,4  (3)  mT. 
Fig.  4.  Glow  discharge  voltage  vs  discharge  current  (1,2)  and  magnetic  induction  (3,4). 
Magnetic  induction  B  =  1  mT  (1,2),  discharge  current  Id  =  0.4  A  (3)  and  0.1  A  (4). 

Gas  (nitrogen)  pressure  p  =  0.01  Pa  (1),  0.02  Pa  (3,4)  and  0.03  Pa  (2). 

Fig.  5.  Distribution  of  the  discharge  current  among  the  flat  (1 ,2)  and  cylindrical  (3) 
parts  of  the  hollow  cathode  of  the  M-structure  as  a  function  of  magnetic  induction. 
Discharge  current  I  =  0.1  A,  gas  (nitrogen)  pressure  p  =  0.06  Pa. 

Fig.  6.  Metal  ion  concentration  in  plasma  vs  discharge  current. 

Gas  pressure  p  =  0.06  Pa,  magnetic  induction  B  =  1  mT. 

Fig.  7.  Atomic  to  molecular  nitrogen  ion  concentrations  ratio  vs  discharge  current. 

Gas  pressure  p  =  0.01  -  0.06  Pa,  magnetic  induction  B  =  0.5  -  3  mT. 

Fig.  8.  Computer  simulation  of  ion  extraction  and  beam  formation  in  M  (b,  d)  h  P  (a,  c) 
electrode  structures. 

Emission  current  density  of  argon  ions  0,6  mA/cm2  (a,  b)  and  6  mA/cm-  (c,  d). 
Accelerating  voltage  40  kV,  cut-off  voltage  1  kV(  a,b)  h  3  kV  (c,  d). 

Accelerating  gap  length  -  15  mm,  diameter  of  holes  -  8  mm. 

A  positive  plasma  potential  relative  to  emitter  electrode  -  1  kV  (b,  d),  50  V  (a)  n0V  (c). 


Fig.  6. 
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Abstract 

Ion  beam  sources  of  hydrogen,  nitrogen,  and  other  gases  as  well  as  of  their  mixtures 
witch  the  energy  10-60  keV,  at  pulse  duration  from  1  ms  to  1.5  s,  were  developed  and 
produced  in  small  batches,  an  average  hydrogen  ion  current  density  in  the  beam  is  equal 
150-250  mA/cm2.  The  beam  cross-section  is  varied  from  7x15  cm2  to  12x35  cm2  at  the 
distance  of  1  m  from  the  source,  its  inhomogeneity  is  95%  of  the  maximal  density.  The 
ion  beams  are  used  for  heating  the  plasma  in  fusion  facilities,  Tokamak-1 1  and  OGRA- 
4,  as  well  as  for  strengthening  and  enhancing  the  life  time  of  cutting  plates  for  lathes, 
rolls,  knifes  for  woodworking  machines,  cutting  elements  for  soil  cultivators. 

Keywords:  Ion  current/density:  Nitrogen  ion  beams 
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1 .  Introduction 

The  first  hydrogen  ion  sources  with  the  currents  10-20  A,  cusp-geometry  and 
MIR  -Types,  using  a  magnetic  cusped  field  and  a  radial  discharge  with  a  rising  plasma 
density  along  the  radius  and  a  ring-like  configuration  of  emitters  were  designed  and 
developed  at  INF  in  1967-74  [1,2].  However,  the  magnetic  field  strength  in  the  zone  of 
ion  extraction  was  insufficient  for  production  of  magnetic  isolation,  and  it  assisted  in 
the  emergence  of  electric  breakdowns.  Therefore,  in  the  production  of  the  second  ion 
source  generation  with  the  currents  4-100  A;  IBM-3, -4, -5, -6-Type,  the  magnetic  fields 
were  not  used  for  enhancement  of  the  plasma  density  in  the  zone  of  ion  emission. 
However,  these  sources,  at  relative  simplicity  in  their  design,  had  a  rather  high  energy 
consumption  in  the  arc  discharges  with  hot  cathodes  for  production  of  an  ion  beam  of  1 
A,  namely,  about  2  kW/A  and  relatively  low  proton  fraction  in  the  flux  of  HF,  H:+,  Hs+ 
-ions  entering,  the  emission  plasma  border,  is  about  65%. 

2.  Experimental 

In  the  ion  source,  IPM-type,  peripheral  magnetic  fields  in  the  vicinity  to  the 
discharge  chamber  surface  (Fig.  1)  were  used.  The  balance  of  particles  and  energies  in 
the  discherge,  IBM-type,  is  considered  in  [3]  in  detail.  The  main  energy  losses  in  that 
discharge  are  related  with  the  bad  confinement  of  charged  particles  in  the  discharge 
chamber  volume  and  with  their  fast  escape  to  the  walls.  The  parameters  of  importance 
are:  ratio  of  plasma  volume  to  the  wall  area  in  the  discharge  chamber,  on  which  the  ion 
losses  take  place,  TpVpi/S„,  and  the  relative  cathode  area,  k=SJS.  An  increase  in  r\  from 
p=4.5  to  ri=10  cm  results  in  that  an  increase  the  proton  component  fraction  in  the 
extracted  ion  beam  up  to  80-90%  and  in  a  reduction  in  the  required  hydrogen  density 
within  the  gas  dischargechamber  fromS.1014  to  2.1014  cm-3. 


2 


The  energy  efficiency  of  a  discharge,  in  the  process  of  ion  production,  F+=I+AVP, 
where  1+  is  the  total  ion  current  produced  in  the  discharge,  Wp  is  the  discharge  power, 
can  attain  the  maximal  value  of  about  8  A/kW,  at  optimal  of  k=0.03-0.04. 

The  ion  cost  in  the  discharge,  C+=l/F+,  is  about  125  V.  However,  the  discharge 
efficiency  respective  to  the  total  ion  beam  extracted  from  the  source  and  equal 
FfIh+/Wp,  where  Ih+  is  the  ion  current  in  the  beam,  will  be  considerably  lower,  since 
the  ratio  Fi:F+=Sem:Sn  in  true,  for  a  homogeneous  plasma,  where  Sem  is  the  slit  area  in 
the  emissive  electrode  of  the  source  ion  optics.  For  example,  in  the  source,  IBM-5-type 
(30  A,  30kV),  Sem:Sn=1.14,  Ff0.55  AAV,  Q=1.8  kV.  Implementation  of  a  peripheral 
magnetic  field  preventing  the  escape  of  charged  particles  from  the  plasma  volume- 
rapidly  decaying  towards  the  discharge  chamber  centre-allowed  one  to  enhance  the  ion 
source  characteristics.  In  the  IPM-1,  at  conservation  of  the  IBM-5  discharge  power,  the 
hydrogen  ion  current  was  increased  was  increased  to  60  A.  This  allowed  one  to  double 
the  power  of  the  fast  atomic  beams  injected  into  the  plasma  without  any  changes  in  the 
low  voltage  power  supply  sources  in  the  injectors  for  T-ll  tokamak.  The  initial  ion 
beam  cross-section  equal  15x25  cm2  was  chosen,  proceeding  from  the  geometry  of  on 
inlet  window  into  T-l  1. 

The  discharge  chamber  of  that  source  is  the  SS-frame  cooled  with  water,  20x30 
cm2  in  its  cross-section,  12  cm  deep.  Upon  the  rear  lid  along  the  long  sides  of  the 
discharge  chamber  two  rows  of  the  cathodes  mode  of  W-wire,  1  mm  in  diameter,  are 
located.  The  number  of  the  cathodes  can  attain  18,  the  area  is  up  to  50  cm2. 

The  magnetic  system  of  the  source  is  produced  with  permanent  magnets  in  the 
form  of  the  parallelepipeds  made  of  solid  barium  ferrite  cores.  The  total  length  of  the 
magnets  was  600  cm. 

The  ion  current  density  distribution  across  the  emissive  surface  along  the  long 
side  of  the  discharge  chamber  is  rather  uniform  at  the  length  of  20  cm  (Fig.2). 
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The  study  of  hydrogen  ion  emission  current  density  dependence  on  the  discharge 
power  under  various  pressures  in  the  chamber  (Fig.3)  has  shown  that  the  optimal 
pressure  for  the  IPM  is  Po=6.10-3  Torr. 

In  this  source  the  cathod  area  (with  holders)  is  about  120  cm2,  the  internal 
discharge  chamber  surface  area  is  2000  cm2,  r|=5.5,  k=0.06,  F+=6  A/kW,  F+n=2.5  A/kW 
is  a  net  efficiency  corresponding  to  he  uniform  ion  current  density  distribution  across 
the  emissive  surface.  The  last  number  about  twice  exceeds  the  value  obtained  for  the 
sources  without  external  magnetic  field. 

The  ion-optics  system  (IOS)  in  the  IPM-1  includes  the  emissive,  accelerating 
and  grounding  electrodes  made  of  Mo-alloy  as  five  lattices  having  12  slots  each.  The 
slit  geometry  within  the  emissive  electrode  is  0.2x12  cm2,  they  are  located  upon  the 
surface  12x25  cm2,  and  their  total  emissive  surface  is  14.4  cm2.  At  the  length  of  an 
accelerating  gap,  di=3.3  mm,  emissive  electrode  thickness  1  mm,  slit  width  in  the 
accelerating  electrode  2.4  mm,  and  at  the  optimal  ion  emission  current  density,  the 
minimal  divergence  angle,  perpendicular  to  the  slits,  is  0j_=±l  .2°  (Fig.4).  The  beam 
divergence  angle  along  the  emissive  slits  is  about  0n=±O.5°.  The  geometric  ion  beam 
focussing  along  the  slits  is  realized  due  to  the  lattice  bend  at  the  curvature  radius  equal 
2  m.  The  electric  focussing  perpendicular  to  the  emissive  slits  0_l,  is  done  by  a  shift  of 
the  accelerating  electrode  lattices  respective  to  the  emissive  electrode  ones.  The  lattices 
nearby  to  the  middle  ones  are  shifted  from  them  by  150  pm,  those  at  the  edge,  by  300 
pm.  The  focal  distance  at  this  shift  is  determined  by  the  known  relationship: 
F=1.5y0defr/Ay,  where  y0  is  the  distance  from  the  shiffed  lattice  to  the  average  one;  Ay  is 
the  lattice  shift;  derr=ti+di+52  is  the  effective  length  of  an  accelerating  gap,  where  82  is  a 
halfwidth  of  the  slit  in  accelerating  electrode.  The  minimal  divergence  angle,  0±, 
depends  on  the  voltage  over  the  source,  U0,  and  on  the  ion  emission  current  density,  j+, 
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which  is  determined  by  the  discharge  current,  IP  (Fig.5).  The  hydrogen  ion  beam  with 
the  current  up  to  70  A  is  produced  in  IPM-1 . 

The  focussed  beam  dimensions,  6x22  cm2  (at  the  1/e-ievel  from  the  maximal  j+- 
value),  at  the  distance  1.4  m  from  the  IOS,  are  smaller  than  the  initial  ones.  It  allowed 
one  to  inject  a  fast  atomic  beam  with  the  energy  25  keV,  with  the  average  power 
density,  5  kW/cm2,  and  with  the  maximal  one  10  kW/cm2 ,  into  T-l  1  from  the  charge 
exchange  chamber. 

The  gaseous  efficiency  of  the  source  under  the  pressure  6.103  Torr  in  the 
discharge  chamber  at  the  beam  current  70  A,  was  60%.  The  current  pulse  duration  was 
usually  equal  20  msec. 

For  heating  the  plasma  in  T-l 5  the  ion  beams  with  the  power  5-6  MW  from 
one  source,  IVIS-70/80,  at  the  pulse  duration  up  to  1 .5  sec  (Fig.6),  are  needed.  The  gas 
discharge  chamber  (1),  made  of  SS,  serves  as  an  anode  for  dissipating  a  high  discharge 
current  in  hydrigen  with  the  26  hot  (emissive)  cathodes  (2)  made  of  tungsten  alloy.  The 
filament  current  introduction  into  the  discharge  chamber  is  realized  through  the 
bushing  insulators  (3)  fastened  to  the  holders  made  of  molybdenum.  A  few  rows  of 
permanent  magnets  (4)  are  located  so  that  they  produce  a  “magnetic  well”  in  the 
vicinity  to  the  anode  (1)  and  used  for  enhancing  the  plasma  uniformaly  upon  the 
emissive  surface  and  for  increasing  the  gaseous  and  energy  discharge  efficiencies  (at  the 
necessary  plasma  density  of  about  5.1012  cm  3).  The  high  voltage  insulator  design 
includes  the  ceramic  insulators  (5)  vacuum-sealed  with  resin,  the  flangers  (6)  to  which 
the  electrode  holders  (7)  are  fastened.  The  plasma  (emissive)  electrode  (8)  is  a  discharge 
chamber  continuation.  Then,  the  gradient  (9),  negative  (10)  and  grounded  (11) 
electrodes  follow  each  other.  Each  multislit  electrode  includes  an  SS-holder  and  the 
profiled  molybdenum  rods  brazed  to  the  holder  with  one  end,  and  its  another  end  is 
freely  moving  in  the  opposite  direction  to  prevent  the  rod  deformation  under  its  heating 
by  particles  and  by  radiations.. 
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The  emissive  electrode  has  the  transversal  cross-section  equal  120x360  mm,  its 
transparency  is  50°/o,  the  distance  between  the  slit  orifice  centers  is  7  mm.  The  electrode 
holders  and  their  flanges  are  cooled  with  water.  The  negative  IOS-electrode  serves  as  a 
reflector  of  electrons  from  the  secondary  plasma  in  the  beam  neutralizer,  it  prevents  the 
electron  incidence  upon  the  emissive  electrode  and  the  electron  entry  into  the  discharge 
chamber.  The  gradient  electrode  is  used  for  extraction  of  a  high  ion  current  density 
(0.35  A/cm2)  under  high  (higher  than  50k V)  accelerating  voltages.  The  distances  among 
IOS-electrodes  is  equal  a  few  millimeters. 

The  potential  distribution  between  them  is  determined  by  the  operating 
conditions  and  can  be  equal  for  the  mentioned  sequence  of  electrodes  to  +80  kV,  +55 
kV,  -8  kV,  0  kV,  respectively.  If  the  ion  beams  with  the  energies  no  greater  than  50  keV 
are  needed,  one  can  use  a  three-electrode  system,  without  the  gradient  electrode  (9). 

In  8-10  seconds  before  the  ion  current  pulse  start-up  the  cathodes  are  heated 
up  to  about  3000  K.  by  the  direct  current  of  about  3000  A.  The  discharge  current  is 

about  2000  A.  It  is  raised  for  0.25  seconds,  2  seconds  before  the  ion  current  pulse  start¬ 
up. 

The  discharge  starts  before  applying  high  voltages  to  the  IOS-electrodes  and 
terminates  after  switching  the  mentioned  voltages  “off’  [5], 

3.  Results 


Sources  of  beams  of  ions  and  atoms  of  hydrogen,  helium,  nitrogen  and  other 
gases  and  their  mixtures  have  been  developed.  Their  main  parameters  are  given  in  the 
Table  1  and  2. 

The  sources  of  beams  of  ions  and  atoms  of  hydrogen  were  used  in  injectors 
intended  for  plasma  heating  up  to  temperature  20-150  mln.K  in  Tokamak-1 1,-15, 
Ogra-3,-4  thermonuclear  systems. 
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The  nitrogen  ion  beams  with  current  5-8  A  and  with  the  energies  15-25  keV 
were  used  for  2-5  times  enhancement  of  the  wear  and  corrosion  resistance  for  a  number 
of  structural  steels,  solid  alloys  and  other  materials  [6-9].  In  cooperation  with  a  number 
of  Institutes  and  Plants  the  following  main  results  were  obtained: 

1.  Depth  of  a  subsurfase  layer  with  enhanced  microhardness  by  24-28  %  for  the  steel, 
SHH- 15-Type,  is  50-75  pm,  that  is  thousand  times  longer  than  the  range  of  the  15-keV 
nitrogen  ions. 

2.  The  strengthened  layer  thickness  can  be  two-four-times  greater,  when  mixed  ion 
beams  including  N+H,  N+He  and/or  the  successive  thermal  treatment  of  nitrogen  ion- 
implanted  specimens  made  of  steel,  H12M-Type  are  used. 

3.  The  wear  resistance  of  hardened  steels,  40H  and  HVG-Types,  is  2-4-times  increased 
after  nitrogen  ion  beam  implantation;  the  pressure  limit,  at  which  the  scuffing  of 
friction  surfaces  takes  place,  is  up  to  4-times  and  higher  increased  in  comparision  with 
the  hardened  (only)  specimens. 

4.  The  wear  resistance  of  the  steel,  ST.3-Type,  after  nitrogen  ion-beam  implantation  is 
2.5-times  increased  with  the  increase  in  the  micohardess  by  25%  and  the  with  reduction 
in  friction  coefficient  by  19%. 

5.  The  4-times  enhancemrnt  in  the  wear  resistance  of  a  counterbody  in  the  friction  pair 
made  of  non- 

implanted  steel,  USA-Type,  is  observed  after  implantation  of  a  mixed  beam,  including 
N-and  He-ions,  into  the  steel,  HVG-Type. 

6.  The  durability  of  the  cutting  blades  made  of  the  steel,  R6M5-Type,  under  turning  of 
the  high  strength  steel,  38HS-Type,  without  cooling,  at  the  cutting  rate  20-63  m/minute, 

1  mm  deep,  rises  3-5-times  up  and  higher  after  nitrogen  ion  implantation. 
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7.  The  durability  of  the  cutting  blades,  made  of  hard  alloys,  T15K6,  T5K10-Types, 
under  mechanical  treatment,  see  above,  but  at  the  cutting  rate  260  m/min  rises  by  30- 
370%  after  nitrigen  implantation. 

8.  The  service  life  of  the  rolls  made  of  R6M5-stell,  42  in  diameter,  210  mm  long,  rises  2- 
times  under  rolling  the  foil  made  of  W-Re  and  Mo-Re  alloys,  20-50  mu  thick, after 
nitrogen  implantation. 

9.  Durability  of  drills,  11.7  in  diameter,  rises  1.5-2-times  in  the  treatment  of  gray  cast 
iron. 

10.  Durability  of  the  reamers  6.9  mm  in  diameter,  made  of  the  steel,  P5M5-Type,  under 
treatment  of  the  steel,  40X-Type,  rises  1.33- 1.54-times. 

1 1.  Elasticity  limit  for  the  foils  made  of  the  alloy,  36HXTK)-Type,  after  nitrogen  ion 
implantation  increases  by  1 3%. 

12.  The  samples  of  cutting  elements  for  cultivators  after  hardening  in  oil  and  tempering 
underwent  irradiation  at  the  “ISTRA”-facility  in  the  dose  range  (1 -3,8)1  O'7  ion/cm2,  at 
the  maximal  current  density  80  mA/cm2,  by  40  pulses,  20  ms  long  each.  The  abrasive 
wear  tests  were  performed  at  the  “Circular  Soil  Stand”  which  consists  of  the  circular 
duct,  about  2  m  in  diameter,  filled  with  a  soil  including  67%  of  sand  and  33%  of  clay. 
The  rate  of  ripping  was  equal  2  m/s,  the  length  was  up  to  144  km.  Under  optimal 
irradiation  doses  the  resistance  increased  by  200-300%  in  comparision  with  the  non- 
irradiated  sarnies  which  were  tested  simultaneously  with  those  treated  by  the  ion 
bombardment. 

1j.  Service  life  of  the  bolts,  M6-Type,  made  of  the  alloy  BT-16-  Type,  under  cyclic 
loading  rises  5-7-times  after  nitrogen  ion  implantation. 

14.  Corrosion  resistance  of  the  stainless  steel,  X18H10T-Type,  and  thet  of  the  titanium 
alloy,  BT-l-Type,  in  the  40%-solution  of  sulphuric  acid  rises  4-6-times  after  nitrogen 
ion  implantation. 
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4.  Conclusions 

The  high  energy  beams  of  hydrogen  were  used  in  the  injectors  intended  for 
plasma  heating  up  to  the  temperature  20-150  mln.K  in  fusion  facilities  Tokamak-11, 
Ogra-4. 

The  beams  of  nitrogen  ions  with  the  current  5-8  A  and  with  the  energy  of 
particles  15-25  keV  were  used  for  a  2-5-times  increase  in  the  wear  and  corrosion 
resistances  for  a  number  of  structural  steels,  solid  alloys,  metal-,  kapron-,  soil  treating 
cutting  tools,  as  well  as  for  the  rolls  to  produce  the  foil  of  molybdenum-renium  alloys. 
Advantages  of  pulsed  high  current  and  densities  ion  beams: 

•  thickness  of  a  layer  with  enhanced  microhardnes  is  increased  to  100  pm, 

•  irradiation  time  is  reduced  to  a  few  tens  of  seconds, 

•  detail  or  a  tool  are  not  heated  to  high  temperatures, 

•  current  density,  at  the  distance  of  1  m  from  the  ion  source,  in  the  transversal  beam 
cross-section,  12x35  cm2,  is  equal  136  mA/cm2;  at  the  distance  of  5  m,  20x60  cm2,  is 
equal  33  mA/cm2  that  allows  one  to  treat  the  large  size  items, 

•  at  the  energy  60  keV,  the  power  and  energy  densities  are  8.2  kW/cm2  and  8.2-12.3 
kJ/cm2,  respectively,  which  allow  one  to  melt  and  evaporate  high  melting  materials, 

•  mixed  ion  beams  of  noble  and  chemically-active  gases  allow  one  to  realize  the  ion 
cleaning  processes  of  surfaces,  radiation  damge,  phase  conversion  and  structure 
changes,  simultaneously, 

•  processes  of  ion  treatment  and  coating  environmentally  pure. 
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Beam 

Ion  sources 

parameters 

IPM-2 

IPM-l 

AIST-20/50 

IVIS-70/80 

Max.  energy,  keV 

25 

30 

50 

60 

Max.  ion  current: 
H/He/N/Ar,  A 

25/12/7/4 

60/30/16/9 

20/10/5/3 

60/30/16/9 

Average  current 

density: 

H/He/N/Ar, 

mAJcm2 

200/100/54/32 

250/125/67/40 

200/100/54/32 

150/75/41/24 

Pulse  duration,  ms 

5-150 

5-150 

5-100 

100-1500 

Transversal  beam 

cross  section  at  the 

distance  1  m  from 

the  source  with  the 
homogenity  of  95% 

7x15 

10x20 

010 

12x35 

Table  1.  Parameters  IPM. 


Beam 

parameters 

IBM-5 

Ion  sources 

IBM-6 

Max.  energy  ion,  keV 

25 

25 

Max.  ion  H+i,2,3  current 

35 

110 

Emission  current  density,  mA/cm2 

500 

350 

Pulse  duration,  ms 

5-150 

5-100 

Beam  cross  section,  cm2 

8x18 

22x42 

Yield  H°i,  % 

65 

60 

Table  2.  Parameters  IBM. 
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Abstract 

Data  on  phase  and  structural  transformations  in  the  surface  layers  of  metallic  alloys  as  a 
function  of  the  conditions  of  ion  implantation  are  reviewed.  It  is  noted  that  the  ion  mixing  of 
the  surface-absorbed  active  elements  from  the  implantational  gas  medium  plays  an  important 
role  in  the  formation  of  the  element  and  phase  composition  of  the  ion-doped  layers.  New 
possibilities  for  microstructural  modification  during  high-dose  implantation  are  identified  with 
the  formation  of  high-energy  defect  (including  nanocrystalline)  structures,  heterophase  and 
other  phase-structural  states  and  their  combinations  in  ion-doped  layers  of  metallic  alloys. 
Taking  advantage  of  these  possibilities  makes  it  possible  to  reduce  by  an  order  of  magnitude 
the  implanted  dose  necessary  to  upgrade  the  performance  of  the  surface,  to  raise  the 
productivity  and  lower  the  cost  of  the  ion-beam  technological  treatment. 
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1.  Introduction 

Up  to  now  the  basic  regularities  of  the  structure-phase  transformations  in  the  alloyed  surface 
layers  have  been  studied  intensively  for  a  wide  class  of  targets  irradiated  and  ions  implanted. 
The  possibilities  and  limits  of  changing  the  element  composition  of  these  layers  were 
established.  The  theoretical  analysis  of  interacting  accelerated  ions  with  a  solid  combined  with 
the  experimental  study  of  the  metallic  material  structure  state  made  it  possible  to  draw  a  rather 
complete  picture  of  such  an  interaction. 

However,  all  the  above  said  may  be  attributed  to  ion  implantation  with  the  use  of  the 
implanters  of  the  type  under  investigation  with  high  vacuum  and  mass  separation  of  ions  being 
implanted.  As  a  rule,  the  effects  of  adsorption  and  doping  of  the  surface  layer  with  the  elements 
of  the  implanter  gas  media,  which  were  found  experimentally  under  the  high  dose  ion 
implantation  (HDH)  in  the  vacuum  10'2-U0'5  Pa,  are  not  properly  taken  into  account  at  that. 

Meanwhile,  on  the  basis  of  a  great  number  of  studies  [1-6]  we  came  to  the  conclusion  that 
saturation  of  surface  layers  with  oxygen,  carbon  or  nitrogen  may  radically  change  the  physico¬ 
chemical  state  of  a  surface  layer  under  the  HDII. 

This  effect  become  principal  when  ion  sources  with  rather  a  high  (up  to  20  pA/cm2)  density  of 
ion  current  are  used  to  increase  the  output  of  equipment  and  to  decrease  to  cost  of  the 
technological  process.  Here  the  requirements  to  the  ion-beam  purity  are  lowered;  the  target 
temperature  may  by  considerably  increased.  The  ion  implantation  is  carried  out  under 
conditions  of  high  partial  pressure  of  such  gas  components  as  oxygen,  carbon,  nitrogen. 


Adsorption  of  these  components  gives  rise  to  ion  mixing,  radiation-enhanced  diffusion  and, 
therefore,  saturation  of  the  alloyed  target  surface  layer  with  the  above  interstitials. 

The  article  presents  the  results  of  an  investigation  into  the  peculiarities  of  the  variation  in 
element  composition,  of  the  structural  phase  transformations  and  properties  in  the  ion-alloyed 
layer  of  molybdenum  in  the  process  of  the  HDD  under  specified  variation  of  the  implantation 
conditions  and  the  composition  of  the  implanter  gas  medium. 

/ 

2.  Experimental  technique 

Used  as  targets  were  commercial-type  molybdenum  specimens  of  size  20x20x0.2  mm 
recrystallized  at  1773  K.  The  ion-beam  treatment  was  performed  on  the  Diana  pulsed-arc 
implanter  in  a  vacuum  of  (1-2)- 10*4  Torr  created  by  an  oil-vapor  diffusion  pump.  The  Titan  ion 
source  [7]  was  also  used  that  was  initially  evacuated  by  the  same  procedure  as  the  Diana  and 
then  gradually  filled  with  Ar  or  N  to  increase  the  pressure  in  the  chamber  to  (3-4)*  1  O'4  Torr. 
Ion  implantation  was  performed  at  a  pulse  duration  of  tp  =  250  ps  for  the  Diana  implanter  and 
at  a  pulse  duration  of  tp  =  400  ps  for  the  Titan  implanter.  Specific  HDII  modes  and  conditions 
are  given  in  the  table. 

An  analysis  of  the  element  composition  of  thin  surface  layers  was  performed  by  the  method  of 
secondary  ion  mass  spectroscopy  (SIMS)  on  a  type  MS-7201  device.  The  microstructure  and 
phase  composition  were  examined  by  the  transmission  electron  microscopy  and  electron 
diffraction  methods. 


3.  Results 
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3. 1.  Influence  of  the  implantational  gas  medium  arid  ion  mass  on  the  elementary  and  phase 
composition  of  ion-doped  layers 

It  has  been  established  that  the  common  feature  of  the  electron  diffraction  patterns  obtained  for 
the  ion-doped  layers  produced  by  implantation  for  1. 1-1.5  irradiation  modes  is  the  presence  of 
additional  diffraction  maxima.  An  analysis  has  shown  (Fig.  la)  that  these  maxima  can  be 
identified  with  an  accuracy  of  ±  0.002  nm  as  the  result  of  the  electron  diffraction  on  the  hep 
lattice  of  M02C  with  a  =  0.297,  c  =  0.485  nm,  and  da  =  1.63.  Dark-field  electron  microscopy 
has  shown  thin  solid  surface  layers  of  this  phase  with  a  varied  thickness  (10-100  nm,  see 

i 

below)  in  the  M02C  reflexes  at  the  foil  edges.  SIMS  examination  has  revealed  that  the  ion- 
doped  layer  was  enriched  with  carbon  for  1.1-1. 5  irradiation  modes  (Fig.  2).  This  enrichment 
seems  to  be  due  to  the  adsorption  of  carbon  from  the  vacuum  medium  of  the  implanter 
followed  by  its  ion  mixing. 

After  treatment  in  conditions  of  type  2.2,  2.3  in  a  medium  with  nitrogen  at  <  500  K  (see  the 
table),  the  basic  phase  liberated  in  HDIT  is  the  fee  nitride  Mo2N  with  a  =0.418  ±  0.002  nm 
(Fig.  lb).  The  presence  of  M02C  is  recorded  by  very  weak  diffuse  reflexes,  indicating  the 
presence  of  thin  (<  1  nm)  plates  of  this  phase.  Mass-spectroscopic  data  reveal  a  considerable 
amount  of  nitrogen  in  the  surface  layer  (Fig.  2,  curve  4),  which  is  not  seen  after  HDII  in 
conditions  of  types  1.1-1. 5;  also,  the  carbon  concentration  is  lower  than  in  conditions  of  types 
1 . 1-1 .5.  The  nitrogen  concentration  is  so  high  that  continuous  films  of  the  fee  nitride  M02N  of 
thickness  ~  10  nm  and  more  are  formed  [3,  4], 

The  principal  mechanisms  for  the  ion  mixing  of  carbon  and  nitrogen  are  most  likely,  first, 
ballistic  ion  mixing  and,  second,  ion-stimulated  diffusion  of  the  carbon  or  nitrogen  adsorbed  on 
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the  target  surface.  Ballistic  ion  mixing  is  an  athermic  phenomenon,  while  the  efficiency  of  the 
ion-stimulated  diffusion  enrichment  of  the  surface  layer  with  carbon  or  nitrogen  depends  on 
temperature.  Therefore  varying  this  parameter  should  affect  substantially  the  proportional 
contribution  of  the  above  mechanisms  for  carbidization  or  nitridization  of  the  ion-doped  layers 
under  ion  implantation. 

According  to  Ref.  8,  in  the  process  of  ion  implantation  at  T—  370  K,  the  coefficient  of  carbon 
diffusion  in  molybdenum  is  Z)£lo  «  10'30  m2/s.  So  for  the  ion  implantation  time  (t  <  1  h)  the 

average  diffusion  length  should  be  -J  Dt  <  61 0"5  nm.  This  precludes  the  diffusion  saturation  of 
the  surface  layer  with  carbon  since,  for  the  actual  thickness  of  this  layer  (several  tens  of 
angstroms),  this  would  require  to  increase  D^lo  by  no  less  than  9-10  orders  of  magnitude 
which  is  impossible  even  with  the  radiation-stimulated  diffusion  occurring  under  ion 
implantation. 

Thus,  for  the  Me+  ion  implantation  at  370  K,  ballistic  ion  mixing  should  be  considered  to  be 
the  principal  mechanism  for  ion  mixing.  This  is  supported  quantitatively  by  the  experimental 
data  as  follows:  First,  the  depth  of  the  layer  with  a  high  carbon  or  nitrogen  content  after  this 
treatments  (curves  1-4  in  Fig.  2)  is  not  in  excess  of  the  projective  range  Rp  for  Y  ions.  For 
an  accelerating  voltage  of  60  kV  and  an  average  charge  number  of  these  ions  of  ~  2.3,  their 
energy  is  E  -  138  keV  and  Rp  ~  35  nm.  Second,  the  efficiency  of  ballistic  ion  mixing  is 

determined  in  the  main  by  the  mass  of  the  implanted  ions.  The  latter  is  confirmed  by  the  fact 
that  when  Y  ions  (curve  1  in  Fig.  2)  are  replaced  by  heavier  Pb  ions  (curve  2  in  Fig.  2),  the 
carbon  concentration  more  than  doubles. 
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3.2.  Role  of  target  temperature  in  the  phase  transformation  in  the  implanted  layers 
The  above  twofold  increase  in  the  thickness  of  the  carbon-enriched  surface  layer  observed 
under  Y  ion  implantation  (curves  1  and  3  in  Fig.  2)  on  increasing  the  target  temperature  from 
370  to  670  K  seems  to  be  due  to  the  involvement  of  the  ion-stimulated  diffusion  mechanism  in 
the  enrichment  process.  This  is  revealed  electron-microscopically  by  a  substantial  increase  in 
the  intensity  of  the  diffraction  maxima  produced  by  the  M02C  phase  in  diffraction  patterns  on 
increasing  the  Y  ion  implantation  temperature,  which  testifies  to  a  severalfold  increase  of  the 
volume  fraction  of  this  phase  or  of  the  thickness  of  its  solid  layer. 

A  more  substantial  increase  in  the  carbide  content  in  the  surface  layer  of  molybdenum  is 
observed  for  copper  ion  implantation.  In  this  case,  in  the  presence  of  a  solid  M02C  layer  on  the 
molybdenum  target  surface,  the  intensity  of  the  diffraction  maxima  from  this  phase  is  higher 
than  that  of  the  diffraction  maxima  from  the  bcc  lattice  of  molybdenum  (Fig.  3a).  So  the 
thickness  of  the  M02C  layer  can  be  estimated  to  be  about  half  the  limited  translucent  thickness 
of  the  foil  in  the  electron  microscope,  i.e.,  Ah  «  100  nm,  which  is  several  times  greater  than  for 
Y  and  Pb  ion  implantation. 

The  average  diffraction  length  required  for  such  a  layer  to  form  should  be  no  less  than 

100  nm.  For  this  to  take  place  within  t  =  1  h.,  the  coefficient  of  carbon  diffusion  in 
molybdenum  should  be  D^0  ~10~18  m2/s.  According  to  Ref.  8,  this  value  of  D^0  is  achieved 

at  T  «  800  K  close  to  the  target  temperature  under  copper  ion  implantation.  This  is  in  good 
agreement  with  the  supposition  about  an  important  role  played  by  the  ion-stimulated  difiusion 
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mechanisms  for  the  carbidization  of  the  surface  layer  of  molybdenum  in  the  process  of  ion 
mixing. 

Increase  in  target  temperature  may  also  modify  the  adsorbing  properties  of  the  target  surface. 
The  variation  in  these  properties  must  depend  on  the  element  being  absorbed,  as  observed  on 
increasing  the  temperature  of  an  Mo  target  from  T  <  500  (conditions  of  types  2.2  and  2.3  in 
the  table)  to  800  K  (conditions  of  type  2.4)  in  Zr  implantation  with  a  nitrogen  containing 
medium.  It  is  known  that,  below  500  K  (Fig.  16),  the  surface  layer  is  enriched  predominantly 
with  nitrogen;  deposits  and  continuous  layers  of  M02N  are  formed,  with  a  small  volume 
fraction  of  M02C  particles.  Increasing  the  target  temperature  sharply  increases  the 
molybdenum-carbide  content  in  the  ion-doped  layer.  Sections  with  different  ratios  of  the 
volume  content  of  M02C,  M02N,  MoC,  and  molybdenum  phases  are  observed  electron- 
microscopically.  A  section  of  continuous  layer  is  shown  in  Fig.  3  b,c.  These  results  indicate 
that  the  adsorptional  activity  of  the  molybdenum  surface  with  respect  to  carbon  increases 
significantly  with  increase  in  temperature.  This  plays  the  determining  role  in  forming  the  phase 
content  of  the  ion-doped  molybdenum  layer,  even  in  a  medium  with  a  higher  partial  pressure 
of  nitrogen. 

Electron-microscopic  phase  analysis  has  revealed  no  secondary  phases  based  on  the  implanted 
elements  (Y,  Pb,  Cu,  Zr)  in  the  ion-doped  layer.  This  seems  to  be  due  to  the  low  diffusion 
mobility  of  these  elements  in  molybdenum  at  T  <  770  K.  Despite  their  low  equilibrium 
solubility  in  molybdenum,  they  are  in  a  solid  solution.  We  have  substantiated  this 
experimentally  having  detected  Y203  and  Zr02  particles  in  layers  doped  by  yttrium  and 
zirconium  ions  and  then  subjected  to  thermal  treatment  at  T=  1273  K.  The  oxygen  needed  for 
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this  to  occur  is  provided  both  from  the  surface  layer  saturated  with  oxygen  in  the  process  of 
ion  implantation  and  through  the  thermal  treatment  of  specimens  in  a  vacuum  of  ~  2-10'5  Torr. 

•  *1 

There  are  strong  grounds  for  believing  that  the  formation  of  solid  solutions  on  implantation  of 
substition  impurities  in  the  absence  of  second  phases  of  the  implanted  element  is  an  inherent 
feature  of  HDII  at  temperatures  T  <  0.3Tm.  We  have  confirmed  this  general  statement  by 
implanting  substitutional  impurities  into  Ti-base  and  Fe-base  alloys. 

3. 3.  Features  of  the  defect  substructure  6f  an  ion-doped  layer 

The  considerable  mismatch  of  the  lattice  parameters  of  the  matrix  and  the  coherent  or 
semicoherent  M02N  and  M2C  particles  deposited  at  high  particle  densities  results  in  the 
formation  of  very  high  inhomogeneous  internal  stress.  Partial  relaxation  of  this  stress  leads  to 

•  M 

the  formation  of  high-energy  defect  structures  with  unusually  high  (up  to  1  rad/pm)  crystal- 
lattice  curvature,  corresponding  to  the  high  (up  to  5*10u  cm'2  )  density  of  excess  dislocations 
of  the  same  sign,,  for  more  details,  see  [4,  9],  The  formation  of  such  substructures  is  indicated 
by  the  azimuthal  smearing  of  the  diffractional  maximum  due  to  the  secondary-phase  particles 
(Figs,  la  and  3a). 

We  have  revealed  similar  effects  for  HDII  of  Si,  Zr,  Ti,  and  other  elements  into  molybdenum, 
austenitic  stainless  steel  and  Ti-base  alloys.  This  suggests  that  the  formation  of  high-energy 
substructures  with  a  high  curvature  of  the  lattice,  strong  internal  stresses,  and  high  stress 
gradients  in  the  ion-doped  la>  „r  should  be  considered  an  inherent  characteristic  of  the  surface 
layers  doped  with  ions  under  the  conditions  of  saturation  with  interstitials. 
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In  the  process  of  HDII,  a  partial  relaxation  of  the  above  structures  is  possible.  However,  in  the 
presence  of  extremely  small  particles  (r  <  lOnm),  the  possible  rearrangement  of  this 
substructure  is  limited  to  dislocational  motion  over  paths  of  the  order  of  the  interparticle 
distance,  which  leads  to  fragmentation  of  the  crystal  lattice  into  nanometric  grains  and  only 
partial  relaxation  of  the  internal  stress.  The  formation  of  high-defect  nanocrystalline  structure  is 
observed  both  in  heterophase  ion-implanted  layers  and  in  continuous  films  of  interstitial  phases: 
TiN  on  Ti,  Mo2N  on  Mo  [4];  Mo2C  on  Mo  (Fig.  la,c).  There  is  an  additional  dispersion 
mechanism  associated  with  the  deposition  of  particles  of  several  orientations  on  account  of  the 
crystal-lattice  symmetry,  even  within  the  limits  of  a  single  orientational  relation  (Figs.  1  a,  and 
3 &,);  these  particles  grow  and  combine,  to  form  nanocrystals  of  dimensions  no  greater  than  the 
interparticle  distances.  Electron-microscopically,  this  is  indicated  from  the  appearance  of 
contrast  spotting  on  dark-field  micrographs,  one  of  which  is  presented  in  Fig.  lc  where  in  the 
reflex  g  =  [11.2]  (see  Fig.  1  a)  only  Mo2C  crystallites  are  indicated  in  which  the  c-axes  are 
parallel  to  the  [101]  or  [101]  faces  of  molybdenum.  As  can  be  inferred  from  Fig.  lc,  these 
crystallites  are  from  5  to  20  nm  in  size. 

3.4.  Feature  of  the  amorphization  of  molybdenum  under  HDII  in  various  gas  media 
A  study  of  the  features  of  the  structure-phase  transformations  in  molybdenum  under 
implantation  of  Si  ions  (modes  3.1  to  3.3)  has  shown  that  a  change  of  the  implanter  gas  . 
medium,  with  the  HDII  mode  being  the  same,  affects  the  feature  of  the  amorphization  in  the 
ion-doped  layer. 

After  HOD  in  conditions  of  type  3.1,  at  doses  of  D  =  2  •  1016  cm'2  we  observe  highly  dispersed 
Mo3Si  particles.  With  an  increase  in  the  implantation  dose  up  to  5  •  1016  cm'2,  on  the  electron 
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diffraction  patterns  in  addition  we  observe  difiuse  effects  and  significant  smearing  of  the 
reflections  form  the  molybdenum  matrix.  Analysis  of  the  misorientations  by  the  method  in  [10] 
suggests  the  presence  of  continuous  misorientations  of  the  crystal  lattice,  reaching  values  of 
(15-25)  degrees/p.m.  With  an  increase  in  the  dose  up  to  (1-2)*1017  cm'2,  amorphization  of  the 
surface  layer  occurs  (Fig.  4).  In  this  case,  the  positions  of  the  maxima  of  the  intensity  of  the 
difiuse  rings  from  the  amorphous  phase  correlate  well  with  the  characteristic  interplanar 
distances  duo «  0.345  nm  and  dm  *  0.198  nm  for  the  cubic  silicide  MoaSi. 

/ 

After  HDH  in  vacuum  (mode  3.2),  amorphization  is  preceded  by  heterophase  state  with  highly 
dispersed  Mo2C  particles,  formed  at  D  <  2*1016  cm'2,  and  thin  (some  tens  of  nanometers)  solid 
nanocrystalline  layers  with  the  crystalline  structure  of  MoC,  formed  at  D  ~  5*1016  cm'VWith 
an  increase  in  the  implantation  dose  up  to  (2-5)*  1017  cm'2,  we  observed  complete 
amorphization  of  the  surface  layer.  In  this  case,  within  0.002  nm  the  maxima  of  the  radial 
scattering  function  for  electrons  correspond  to  the  characteristic  interplanar  distances  for  the 
hep  carbide  Mo2C. 

Replacing  argon  by  nitrogen,  with  the  mode  of  treatment  on  the  Titan  implanter  being  the 

same,  prevents  amorphization  of  molybdenum  with  silicon  and  results,  at  doses  below  1017  cm' 

2 

,  in  the  formation  of  second  phases  of  MoaSi  and  Mo2N,  with  a  predominance  of  the  latter.  At 
doses  about  (2-5-5)  *1017  cm'2  a  nanocrystalline  solid  layer  of  nitride  phase  is  formed. 

Thus,  a  change  of  the  implanter  gas  medium  for  the  same  HDII  mode  may  change  both  the 
phase  composition  of  the  ion-doped  layer  preceding  amorphization  and  the  radial  scattering 
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function  for  electrons  and,  hence,  the  microstructure  and  element  composition  of  the 
amorphous  phase. 

The  above  the  qualitative  changes  in  the  features  of  the  formation  of  structure-phase  states 
under  the  influence  of  the  effects  of  interaction  of  targets  with  elements  of  implanter  gas  media 
have  been  observed  in  a  vacuum  of  ~  (l-7-4)*10'4Torr.  From  the  data  available  in  the  literature 
[12,  13]  it  is  known  that  similar  effects  of  the  saturation  of  metals  with  carbon  and  oxygen,  for 
metals  actively  interacting  with  these  elements,  may  occur  in  a  vacuum  of  1 0"6- 1  O'7  Torn  Since 
the  use  of  a  higher  vacuum  in  technological  -purpose  implanters  is  inefficient,  the  effects 
observed  in  these  implanters,  similar  to  those  discussed  here,  are  most  likely  the  general  feature 
of  the  phase-structure  transformations  in  surface  layers.  Moreover,  we  anticipate  that  the 
control  of  the  partial  pressures  of  active  elements  in  implanter  gas  media  within  a  range  of  1CT4 
to  10'5  Torr  offers  much  promise  in  HDII-based  technologies.  As  we  have  demonstrated  for  a 
number  of  alloys  (various  types  of  steels.  Mo,  Ti-base  alloys),  this  allows  an  optimal  upgrading 
of  the  material  performance  with  implanted  doses  being  ?n  order  of  magnitude  lower  than 
those  used  in  the  experiments  reported  in  the  literature.  Thus,  specifically  increasing  the  partial 
pressures  of  active  elements  of  the  implanter  gas  media  (N,  O,  or  C,  depending  on  the  material 
under  treatment)  may  substantially  raise  the  productivity  of  technological  processes  based  on 
ion  modification  of  constructional ,  tool,  and  operational  metallic  materials. 
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TABLE  Conditions  of  Ion  Implantation.  Radiation  Dose  D  =  (2*1016  -s-  2*1017)  cm‘‘ 


1.1  Vacuum  Y 


1.2  Vacuum  Mo 


1.4  Vacuum  Cu 


3.2  Vacuum  Si 


Accelerating 

Pulse 

Current 

T  at  end 

voltage, 

frequency, 

density. 

ofHDII 

kV 

Hz 

mA/cm2 

K 

60 

50 

1 

<370 

60 

* 

50 

1 

<370 

60 

50 

1 

<370 

85 

50 

1 

*  800 

60 

50 

2 

«  670 

60 

50 

2 

*660 

60 

5 

2 

*520 

30 

50 

2 

*480 

60 

60 

2 

*800 

60 

5 

2 

*460 

60 

10 

1 

*470 

60 

5 

2 

*460 

Figure  captions 

.Fig.  1.  A  schemes  for  microdiffraction  patterns  interpretation  (a,  b),  and  a  dark-field  image  of 
M02C  (c)  after  treatments  in  type-1.1  (a,  c)  and  type-2.2  (b)  conditions. 

Fig.  2.  Relative-intensity  distribution  of  secondary  ions  as  a  function  of  the  time  of  sputtering 
of  the  surface  layer  for  the  HDII  of  molybdenum  in  conditions  of  type  1.1  (curve  1),  1.3  (2), 
1.5  (3,  n  2.1  (4). 

/ 

Fig.  3.  Electron  diffraction  pattern  (a),  a  scheme  for  microdiffraction  pattern  interpretation 
(b),  and  a  dark-field  image  of  M02C  (c)  after  treatments  in  type-1.4  (a)  and  type-2.4  (b,c) 
conditions,  a  -  the  numbers  on  the  diffraction  pattern  denote  the  reflexes:  [00.2]  of  M02C  ( 1 ), 
[1 1.0]  of  Mo2C  (2),  and  [200]  of  Mo  (3). 

Fig.  4.  Electron  diffraction  pattern  for  surface  layer  of  ir.rlybdenum  after  amorphization  by 
silicon  (HDH  in  type-3.1  conditions). 
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A  method  for  the  bulk  treatment  of  polymeric  materials  is  proposed  Energetic  ions  created  after 
capture  of  a  neutron  beam  by  constituent  atoms  located  within  the  polymer  can  be  used  to  cause 
radiation-induced  modifications  such  as  cross  linking  in  the  polymer.  In  contrast  to  traditional  ion 
implantation,  the  proposed  method  enables  bulk  treatment  because  of  the  relatively  deep  penetration 
of  neutrons.  Analytical  estimates  and  Monte  Carlo  computations  are  performed  for  the 
l0B(n.a)7Li  reaction  for  the  cross  linking  and  hydrogen  depletion  of  boron-doped  polystyrene. 

Requirements  for  the  polymer  composition  and  micro  structure,  as  well  as  potential  syndesis 
methods  are  discussed.  ©  2996  American  Jnsriuite  of  Physics.  [S0003-695 1(96)01 5 18-5] 


Polymers  are  useful  materials  because  of  their  ease  of 
fabrication,  moldability.  light  weight,  chemical  inertness, 
and  low  cost.  Additional  structural  applications  arc  limited 
since  polymers  are  inherently  soft  materials  with  relatively 
low  mechanical  strength  and  abrasion  resistance.  To  alter 
these  properties,  cross-linking  methods  utilizing  chemical  re¬ 
ach  ons  (e.g.,  thermoset  or  vulcanized  rubber),  x-rays,  or 
electron  beams,  have  been  employed  for  some  time.  Re¬ 
cently,  superior  improvements  in  surface  mechanical  proper¬ 
ties  have  been  achieved  by  implantation  of  energetic  light 
ions  into  polymers.1*1  In  ion  implantation,  ions  arc  acceler¬ 
ated  and  extracted  from  an  external  source  and  injected  into 
the  surface  of  a  target  polymer  [Fig.  1(a)].  Implantation  re¬ 
sults  in  modified  molecular  structures  (e.c.,  three- 
dimensional  cross  linking)  and  compositional  changes  (e.g., 
hydrogen  depletion).  Dramatic  increases  in  hardness,  electri¬ 
cal  conductivity,  and  gas  permeation  resistance  have  been 
achieved  with  light  ions  with  energies  of  order  0.1-1  MeV. 
and  implanted  doses  of  order  lO15  ions/cxn2.  In  contrast  to 
electrons  or  photons,  energetic  ions  arc  desirable  since  they 
produce  sufficient  linear  energy'  transfer  (LET)  into  elec¬ 
tronic  stopping  {dE!dx)ji  which  is  large  enough  to  result  in 
significant  cross  linking  within  the  polymer.  During  implan¬ 
tation,  adjacent  hydrogen-carbon  bonds  in  polymer  chains 
are  broken  by  the  ion  LET.  The  hydrogen  recombines  into  a 
gas.  eventually  diffusing  out  of  the  polymer.  Free  carbon 
radicals  located  on  adjacent  polymer  chains  subsequently 
combine  to  fenn  new'  C-C  bonds,  resulting  in  carbon  rich, 
highly  cross-linked  polymer  chains.2*5  To  break  adjacent 
C-H  bonds,  one  requires  an  electronic  LET 
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where  e  is  the  binding  energy  (“*4  eV),  5  is  the  interatomic 
spacing,  which  for  many  polymers  is  of  older  1  A,  and  a  is 
a  numerical  factor,  greater  than  unitv.  which  arm*. ntc  f«r 


other  reactions  with  polymer  electrons  which  lead  to  ion 
slowdown,  but  do  not  result  in  the  breaking  of  C-H  bonds. 
Assuming  a**  3 .  one  needs  (d£Jdx)ti  of  12  cV/A  or  more. 

A  fundamental  limitation  with  ion  implantation  is  that 
since  the  ions  arc  injected  from  an  external  source,  only  an 


outer  surface  of  the  polymer,  corresponding  to  the  projected 
ion  range  Rp  (typically  /im  for  most  ions  with  energies 
below  1  MeV)  can  be  treated.  In  many  applications,  deeper 
modified  layers  are  desirable,  especially  for  wear  applica-: 
tious  where  plastic  deformation  of  the  so  ft  substrate  severely 
restricts  the  effectiveness  of  the  much  harder  ion-implanted 
surface. 

In  order  to  extend  the  known  benefits  of  energetic  ion 
implantation  to  bulk  material  properties  rather  than  only  sur¬ 
faces,  we  introduce  the  concept  of  neutron-capturc-induced 
polymer  treatment  illustrated  in  Fig.  1(b).  Neutrons  from  an 
external  source  are  injected  into  a  polymer  material.  Neu¬ 
trons  readily  penetrate  the  polymer  and  interact  with  “target 
atoms'  *  that  reside  inside  the  polymer.  Target  atoms  may  be 
the  constituent  atoms  that  make  up  the  polymer,  or  they  may 
be  dopants,  such  as  boron,  which  are  introduced  into  the 
polymer  prior  to  the  neutron  treatment  Modification  of  the 
chemical  and  physical  properties  of  the  polymer  occur  from 
radiation  damage  caused  by  the  slowdown  and  stopping  of 
energetic  light  ions  that  are  produced  by  the  disintegration  of 
target  atoms  after  they  capture  a  neutron.  A  particularly  ap¬ 
pealing  reaction  is 

/:  +  10 B— 4Hc-h7Li,  (2) 

which  results  in  an  energy  release  of  2.79  MeV.  In  93%  of 
the  reactions,  the  7Li  nucleus  is  created  in  an  excited  state 
which  relaxes  through  the  emission  of  a  0.48  MeV  y  ray. 
The  remaining  231  MeV  is  in  the  form  of  kinetic  energy 
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FIG.  1.  The  (i)  ion  implantation  and  (b)  neutron  capture  induced  radiation 
treatment  methods. 
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FIG.  2.  The^i't)  electronic  linear  energy  transfer  ind  the  (b)  projected  range 
of  energetic  protons.  helium.  and  lithium  ions  in  polystyrene,  caaptrted  — jih1 
the  t***  -Gate  CRcf.  6;.-^. 


equivalent  to  J''=  1024  m~3.  where  both  4He  and  7Li  nuclei 
are  assumed  to  cause  cross  linking.  For  nB— 5 
X1028  m-3  (1%  10B  concentration)  doped  into  polysty¬ 
rene  (50%  C  50%  H.  specific  gravity  =1.06),  and  thermal 
neutrons,  is  5  X 1021  m-2,  while  the  thin-target  exposure 
time  is  about  1.5  h  in  a  r,=1018/tn2/s  reactor  beam. 

In  addition  to  die  intended  n.cr  reaction,  we  consider 
radiation  damage  from  other  sources  and  reactions.  Gamma 
and  neutron  radiation  effects  on  polymers  are  well  known.7-8 
Polymers  with  a  tendency  to  cross  link  harden  slightly  with 
gamma  radiation  before  degradation  and  destruction  at  doses 
°yup-  0.1-4  Grad.  For  thick  targets,  the  0.48  MeV  y  from  the 
7Li  product  will  result  in  a  dose  D  of  ~8  Grad  for  .A' 
=  1024  tjT3.  D  will  be  considerably  smaller  for  thin  targets 
with  thicknesses  less  than  the  y  absorption  range  (about  0.1 
m  for  polymers)  since  a  significant  portion  of  the  ys  can 
escape  from  ihe  target.  While  thermal  neutrons  tend  not  to 
deposit  significant  energy  into  a  polymer,  accompanying  epi¬ 
thermal  and  fast  neutrons  and  gamma  rays  can.  For  example 
in  a  reactor,  —  1  rad  of  radiation  from  gammas  and  fast  neu¬ 
trons  is  deposited  into  a  polymer  per  1013  m~2  of  thermal 
neutron  fluence.7  Thus,  for  0n-=5XlO2i  m~2.  this  dose  is 
about  0.5  Grad,  which  is  well  below  the  damage  threshold' 
for  polystyrene. 

The  details  of  neutron  transport  and  absorption  have 
2_  been  modeled  using  die  Monte  Carlo  Neutron  Photon  (MCNP) 
code.9  MCNP  simulates  neutron  transport,  one  particle  history' 


shared  between  a  1 .46  MeV  alpha  particle  and  a  0.85  MeV 
7Li  recoil  nucleus.  The  remaining  7%  of  reactions  result  in 
ground  state  'Li.  with  all  2/79  MeV  being  transferred  into  a 
1.78  MeV  alpha  particle  and  a  1.01  MeV  7Li  kinetic  energy. 
Reaction  (2)  is  attractive  because  of  the  high  naturally  occur¬ 
ring  concentration  (20%)  of  the  10B  isotope  and  the  reac¬ 
tion's  ^  high  probability  with  a  cross-section  <r*=3.8 
x  10  23  nr  for  thermal  neutrons.5  The  energetic  4He  and 
;Li  particles  are  ionized  as  they  move  through  the  polymer 
and  are  rapidly  slowed  down  and  stopped,  primarily  by  elec¬ 
tronic  and  nuclear  stopping  inside  the  polymer.  The  maxi¬ 
mum  electronic  LET,  which  has  been  computed  with  the 
TRIM  code,6  is  between  20  and  30  eV/A  which  appears  well 
suited  to  this  application,  with  projected  ranges  of  about  3-8 
Aon  (Fig.  2). 

The  neutron-capture  method  results  ia  the  injection  of 
the  requisite  MeV  ions  from  inside  the  target.  In  contrast  to 
the  ion  implantation  process,  the  neutron  process  results  in 
the  treatment  of  bulk  materials  rather  than  just  surfaces,  since 
neutrons  rendily  penetrate  thick  samples,  allowing  the  forma¬ 
tion  of  energedc  disintegration  products  throughout  the  poly¬ 
mer. 


at  a  rime  in  sequence,  into  three-dimensional  targets  using  a : 
fully  probabilistic,  Monte  Carlo  method  with  self-consistent 
reaction  cross  secdons.  The  uncertainty  of  the  simulation  is 
limited  primarily  by  die  accuracy  of  the  cross-section  data, 
the  statistics  of  the  particle  historic s,  and  the  details  of  the 
target  material  composition  and  geometry'.  For  a  well-known 
target  geometry'  and  a  sufficient  number  of  particles,  the  un¬ 
certainty  is  typically  better  than  1%.  * 

Simulations  have  been  performed  for  a  ncutroipflux  ai 
normal  incidence  onto  a  surface  of  a  100X100X100  mm 
polystyrene  cube.  A0B  concentrations  relative  to  hydrogen 
°f  0-  0.01%,  and  i%  are  modeled.  The  target  is  irra¬ 
diated  with  a  “beam”  [Fig-  1(b)] of  105  neutrons  having  a 
Maxwellian  energy  distribution  with  a  0.025  eV  temperature. 
In  addition  to  the  desired  10B(nra)7Li  reaction,  other  princi¬ 
pal  reactions  are  elastic  scattering  (mostly  from  the  protons 
in  the  polymer)  and  the  H(n,y)D  reaction  which  releases  a 
2.2  MeV  y  ray  and  has  a  cross  section  of  —0.3  bam  for 
thermal  neutrons,5  a  value  104- times  smaller  than  the  10B 
reaction.  MCNP  tallies  of  the  10B(n,a)7Li  and  H(nty)D  re-  : 
acuon  rates  are  computed  in  10  volumes,  evenly  spaced  into 
the  target  beginning  from  the  front  surface  and  averaged  over 
the  100X100  mm  lateral  area.  In  addition,  surface  flux  tallies 


To  estimate  the  requisite  neutron  dose,  fT  di  m  ovcr  sides  of  the  target  to  estimate  lateral 

(where  F*  is  the  neutron  flux),  and  A0B  atomic  density  nB.  ^0SS 


wc  extrapolate  tne  ion  implantation  parameters  of  Lee  ei  di 2 
The  total  number  of  neutron  capture  reactions  per  unit  vol¬ 
ume  ^"is  given  by 

J  nn(r)< r „<r> dt.  (3) 

An  ion  fluence  of  1019  m“2  implanted  into  a  5.  fan.  depth  is 

2  Acol.  Phvs.  Ler_.  Vot.  68.  No.  18,  29  4ori!  1996 


uuuct>  ox  me  reiaavc  neutron  population  and  the 
absorption  reaction  rates  are  plotted  in  Fig.  3.  For  die  un¬ 
doped  target  [Fig.  3(a)]  elastic  scattering  is  an  important  ef¬ 
fect  since  the  mean-free  path  for  elastic  scattering  (the  domi¬ 
nant  reaction),  mm,  is  significantly  smaller 

than  the  100  mm  target  thickness.  Consequently,  neutrons 
diffuse  through  the  cube  and  also  out  the  sides,  leading  to  an 
attenuation  of  the  neutron  population.  For  undoped  targets, 


FIG.  3.  Monte  Carlo  simulations  of  thermal  neutron  transport  and  absoip- 
/  Ioq  mnh  MQi?  (Ref  thcrmii  neutrons  mjeacd  into  a 

,00x100X100  cm  thick  polystyrene  cube  with -(Thu.  1^7  ,0B  concentr*- 
noQS  of  in)  0,  Cb)  0.01%.  and  (cl  1*  molar.  (O):  relative  neutron  flux:  (D): 
average  H(n.y)D  reaction  rate  per  10  mi  (^):  average  lcB(«,a)?Li  mac- 
don  rate  per  10  min, 

lac  flux,  lost  through  the  lateral  surfaces  accounts  for  most  of 
-the  93%  attenuation  in  flux,  with  the  H (n.y)D  reaction  being 
responsible  for  only  about  4%.  For  0.01%  concentra¬ 

tion,  increased  attenuation  is  observed  due  to  the 
:oB(n,a)7Li  reaction,  which  has  become  comparable  to  the 
H(n.y)D  reaction,  and  results  in  an  increased  neutron  at¬ 
tenuation  of  —4%.  Ax  1%  concentrations.  10B(n,a)7Li 
dominates,  capturing  most  of  the  neutrons  with  a  reaction 
mean  free  path  l/nBcr**5  mm. 

For  doped  polymers,  dopant  atoms  must  be  evenly  dis¬ 
pensed  within  the  3-8  pm  ranges  of  the  'Li  and  4He  ions, 
respectively.  For  effective  ion  energy  transfer  into  the  poly¬ 
mer,  dopant  domain  sizes  need  to  be  significantly  smaller 
than  the  ion  range  in  the  dopant  phase.  B-doped  polyethylene 
is  routinely  used  for  neutron  shielding.  However,  for  these 
materials.  B  is  often  concentrated  in,  or  agglomerates  into, 
relatively  large  domains  with  sizes  easily  exceeding  Rp . 
Ideally,  atomic  dispersion  is  desirable.  Assuming  the  20% 
natural  concentration  of  10B,  between  1%  and  10%  (molar) 
total  B  concentrations  (relative  to  the  polymer  repeat  unit) 
should  be  adeau&te- 

To  incorporate  boron  into  a  polymer  in  a  well-dispersed 
fashion,  a  number  of  approaches  may  be  explored.  For  ex¬ 


ample,  we  have  found  that  dissolving  polystyrene  and  a  bo¬ 
ron  compound  together  followed  by  casting  gives  a  boron 
doped  polymer  film.  In  particular,  this  physical  mixing 
method  is  useful  for  polymers  containing  atoms  which  can 
form  good  Lewis  acid-base  pairs  with  B.  Polymers  contain¬ 
ing  Lewis  bases  such  as  amines,  ether,  amide  or  phosphine 
groups  (e.g.,  polyester,  polyacrylamide,  amide)  can  be  evalu¬ 
ated.  A  related  method  is  to  chemically  treat  a  polymer  con¬ 
taining  groups  such  as  hydroxyl  groups  (such  as  polyvinyla- 
Icohol)  with  a  boron  precursor  compound  to  give  a  polymer 
containing  boron  covalently  bonded  to  the  polymer  back¬ 
bone.  Another  approach  is  to  incorporate  boron  in  the  poly¬ 
mer  through  copolymerizadon  of  a  boron  compound  (e.g.- 
boren  allyloxide)  with  a  monomer  such  as  styrene.  Depend¬ 
ing  on  the  physical  properties,  these  materials  could  be 
formed  into  a  given  shape  using  standard  polymer  processing 
techniques.  These  methods  of  processing  include  techniques 
such  as  compression  molding  or  injection  molding  of  the 
copolymer  or  mixture  into  a  shaped  part. 

Activation  of  impurity  atoms  residing  within  the  poly- 
mer  poses  a  potential  safety  issue.  As  an  example,  we  con¬ 
sider  197Au  present  at  an  atomic  density  nAU— 5 
X1019  uT3  (1  ppb).  The  197Au(n,y)lMAu  reaction  has  a 
cross  section  of  98  bam  for  thermal  neutrons,  with  Au 
decaying  over  a  2.7-day  half-life.  For  5X10  m 
the  target  activation  level  immediately  after  irradiation  is  es¬ 
timated  to  be  —300  nc/g. 

In  conclusion,  we  have  proposed  a  treatment  technique 
for  the  modification  of  polymeric  materials.  The  technique 
builds  on  the  known  benefits  of  ion  implantation,  but  it  en¬ 
ables  the  treatment  of  bulk  materials  rather  than  just  surfaces. 
V/hile  this  letter  deals  with  only  one  example,  the 
l0B(n,o)7Li  reaction,  the  basic  idea  of  neutron  capture,  and 
also,  neutron- induced  recoil  of  other  heavy  atoms  residing 
within  polymers  may  result  in  similar  radiation  damage  that 
may  alter  the  materials'  compositional,  mechanical,  electri¬ 
cal,  optical,  and  gas  diffusion  properties. 
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Abstract 

The  regularities  of  the  defect  substructures  formation  in  the  near  surface  layers  of 
metals  under  irradiations  (high  dose  ion  implantation,  high  power  ion  beam,  high  power 
pulsed  microwave)  are  presented.  The  defect  substructures  formed  under  irradiations  are 
similar  to  the  defect  substructures  formed  in  metals  and  alloys  during  plastic  deformation  by 
one  axis  tension  or  compression.  The  main  reason  of  the  defect  substructures  formation  in 
metals  exposed  to  irradiations  is  the  high  level  of  stresses  originated  in  the  target  near  surface 
laver.  The  mechanisms  of  origination  of  stresses,  the  value  and  nature  of  stresses  are  deter¬ 
mined  by  the  type  of  irradiation. 

1.  Introduction 

At  ordinary  loading  of  metals  and  alloys  (for  example,  one  axis  compression  or  ten¬ 
sion)  the  performed  mechanical  work  is  used  to  increase  the  internal  energy  and,  first  of  all, 
the  defect  subsystem  energy  of  the  deformed  sample.  With  the  increase  of  plastic  deformation 
of  metals  the  scalar  dislocation  density  is  also  increased.  The  dislocation  substructure  is 
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changed  according  to  the  proper  law  passing  over  the  certain  evolution  stages.  Classification 
of  the  dislocation  substructures  formed  at  plastic  deformation  of  metals  and  alloys  was  devel¬ 
oped  by  E.  Kozlov  and  his  colleagues  and  was  reported  in  papers  [1,  2],  In  the  papers  one  can 
find  the  electron  micrographs  of  types  of  dislocation  substructures.  At  increase  of  deforma¬ 
tion  the  dislocation  substructures  are  originated  in  a  certain  sequence  following  on  another. 
Two  main  sequences  of  transformations  can  be  seen  (fig.  1).  The  first  is  typical  for  metals 
with  low  energy  of  the  packing  fault,  the  second  is  typical  for  high  energy  of  the  packing 
fault.  At  high  dislocation  densities  both  sets  are  merged  together.  The  scalar  dislocation 
density  turned  to  be  the  main  parameter  influencing  the  transformation  of  a  dislocation  sub¬ 
structures  into  another  one. 

Under  exposure  of  a  tai  .  a  to  irradiation  the  absorption  of  energy  of  the  near  surface 
layer  of  metallic  target  takes  place.  In  this  case  a  part  of  absorbed  energy'  will  be  transformed 
into  the  energy'  of  the  defect  subsystem  of  the  near  surface  layer  of  the  target.  Specifically, 
one  can  see  the  increase  of  dislocation  substructures  of  different  types.  The  main  peculiarities 
of  the  dislocation  substructures  formed  in  metals  and  alloys  at  high  dose  ion  implantation 
(HDII),  under  exposure  to  high  power  pulsed  microwaves  (HPPM)  and  high  power  ion  beams 
(HP1B)  are  presented  in  the  paper. 

2.  Experimental  results 

The  main  parameters  of  irradiations  are  given  in  the  Table  1.  It  is  necessary'  to  point 
out  that  the  HPPM  treatment  was  carried  out  in  the  air.  The  defect  structure  investigation  of 
the  samples  initial  state  was  the  obligatory  regirement.  As  a  rule,  before  irradiation  the  sam¬ 
ples  were  subjected  to  recrystallization  annealing  and  had  the  low  density  of  dislocations.  The 
dislocation  structure  of  the  investigated  samples  in  the  initial  state  was  presented  by  a  chaotic 
dislocation  distribution  and  the  tangled  dislocations.  In  the  case  of  HDII  the  copper  samples 
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deformed  by  compression  up  to  6  and  30  %  were  also  chosen.  For  deformed  copper  the  dislo¬ 
cation  structures  of  the  initial  states  were  presented  by  cell-net  and  cell  dislocation  substruc¬ 
tures  for  £=6  %  and  £=30  %  correspondingly. 

2. 1 .  Dislocation  substructures  formed  at  HD1I 

When  investigating  the  defect  structure  of  ion  implanted  samples  it  was  established 
that  the  ion  beam  influence  were  not  limited  by  the  thin  surface  layer  alloyed  at  ion  treatment. 
The  thickness  of  this  layer  at  ion  implantation  does  not  exceed  one  micrometer.  It  is  neces¬ 
sary  to  point  out  that  in  the  above  said  surface  layer  a  series  of  processes  (alloying;  formation 
of  point  defects,  dislocation  loops,  dislocations,  pores,  precipitates;  amorphization;  radiation- 
induced  segregation;  radiation-enhanced  diffusion  and  etc.)  take  place.  It  turns  out  that  be¬ 
yond  the  surface  layer  in  the  sublayer  (subsurface  layer)  at  ion  implantation  the  strong  dislo¬ 
cation  structure  is  formed.  The  thickness  of  the  subsurface  layer  with  the  dislocation  structure 
induced  by  ion  implantation  can  reach  tens  microns.  The  examples  of  the  dislocation  sub¬ 
structures  are  given  in  the  Figure  2.  As  a  rule,  it  is  a  net-work,  cell-net  or  cell  dislocation 
substructures  without  misorientations. 

This  phenomenon  was  called  the  long  range  effect  [3,4],  The  following  definition 
can  be  considered  as  the  most  correctly  reflecting  the  essence  of  this  phenomenon.  The  long 
range  effect  consists  in  formation  of  a  defect  structure  and/or  in  change  of  the  structural- 
phased  state  of  the  subsurface  layer  of  irradiated  target  w'hich  thickness  exceeds  greatly  the 
thickness  of  the  surface  alloyed  layer.  At  present  four  reviews  of  the  long  range  effect  were 
published  in  periodicals  [5-8], 

In  the  Figure  3a  the  dependence  of  the  scalar  dislocation  density  on  the  distance  to 
the  surface  of  a-Fe  samples  implanted  by  Hf  ions  is  represented  as  an  example.  The  disloca¬ 
tion  density  for  the  initial  state  is  marked  by  the  dotted  line.  One  can  see  that  all  the  curves 
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have  a  maximum  at  the  distance  of  several  micrometers  from  the  surface.  The  maximum 
dislocation  density  as  regards  to  the  initial  state  is  increased  in  an  order  and  more. 

Figure  3b  shows  the  similar  dependency  for  copper  implanted  by  Hf,  Zr  and  Ti  ions. 
In  the  case  of  Hf  and  Zr  ion  implantation  with  the  increase  of  distance  from  the  irradiated  sur¬ 
face  the  dislocation  density  value  increases  reaching  its  maximum  at  a  distance  of  10  pm 
from  the  surface  and  then  decreases.  At  a  distance  of  50  urn  the  dislocation  density  corre¬ 
sponds  to  that  in  the  initial  state.  At  ion  treatment  of  the  deformed  copper  (s=6%)  the  de¬ 
pendence  is  the  same.  Ion  treatment  of  greatly  deformed  copper  (s=30%)  does  not  lead  to  a 
change  in  dislocation  density’.  The  dislocation  density  dependence  on  the  distance  for  copper 
samples  implanted  with  Ti  ions  is  not  the  same.  A  maximum  of  the  dislocation  density  value 
lies  much  closer  to  the  irradiated  surface  than  in  the  samples  implanted  with  Hf  and  Zr  ions. 
The  dislocation  density  value  decreases  rapidly  with  increasing  distance  from  the  surface.  At 
the  depth  of  15  pm  the  dislocation  density  value  corresponds  to  that  of  the  initial  state. 
Transmission  electron  microscopy  analysis  of  the  phase  state  of  the  alloyed  copper  layers 
showed  the  following.  Implantation  ofZr  ions  is  accompanied  by  the  formation  ofZr02  fine- 
dispersed  panicles  whereas  implantation  of  Ti  ions  leads  to  amorphization  in  the  alloyed 
layer.  Undoubtedly,  the  fine-dispersed  particles  of  the  ZrO?  second  phase  are  the  origination 
of  higher  stresses  in  comparison  with  the  armorphous  state. 

On  the  basis  of  the  analysis  of  the  character  of  the  dislocation  substructures  and  the 
quantitative  dependencies  the  following  important  conclusions  were  made.  1)  The  thickness 
of  the  subsurface  layer  with  the  changed  dislocation  structure  is  varied  from  several  to  tens 
microns  that  exceeds  greatly  the  thickness  of  the  surface  alloyed  layer.  2)  The  dislocation 
density'  dependence  on  the  distance  from  irradiated  surface  has  a  maximum.  3)  The  maxi¬ 
mum  change  of  the  dislocation  structure  is  observed  in  well  annealed  metal  with  low  disloca¬ 
tion  density  in  the  initial  state.  In  greatly  deformed  metals  with  high  dislocation  density  a 
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change  in  the  dislocation  structure  at  ion  implantation  is  not  observed.  4)  Thickness  of  the 
subsurface  layer  with  the  dislocation  structure  induced  by  ion  implantation  and  the  value  of 
dislocation  density'  in  this  layer  depend  on  the  character  of  the  structural-phased  state  formed 
in  the  alloyed  surface  layer.  5)  The  dislocation  substructures  formed  in  the  ion  implanted  tar¬ 
get  are  similar  to  the  dislocation  substructures  of  metals  deformed  up  to  10-15  %.  Undoubt¬ 
edly  that  at  ion  implantation  the  dislocation  substructures  are  formed  at  the  expense  of  dislo¬ 
cation  movement  under  the  action  of  mechanical  stresses  originated  in  the  surface  alloyed 
layer. 

At  present  several  mechanisms  explaining  the  long  range  effect  in  the  ion  implanted 
metals  and  alloys  are  suggested  [5-8].  The  main  essence  of  the  mechanisms  is  the  presence  of 
static  and  dynamic  stresses,  acoustic  or  elastic  waves.  Unfortunately,  none  of  the  considered 
mechanisms  does  not  allow  us  to  explain  the  formation  of  dislocation  structures  at  high  dose 
ion  implantation  of  metals  and  alloys.  Particularly,  it  is  not  quite  clear  why  the  maximum  of 
dislocation  density'  lies  at  some  distance  from  the  irradiated  target  surface.  The  model  furnish¬ 
ing  an  explanation  of  the  dislocation  structure  formation  in  a  sublayer  at  ion  implantation  was 
suggested  by  the  authors  with  their  colleagues  [9],  The  main  points  of  the  mathematical 
model  can  be  formulated  as  follows.  1)  By  ion  implantation  the  stresses  arising  in  the  alloyed 
surface  layer  whose  values  essentially  exceed  the  dislocation  motion  resistance  value.  2)  Un¬ 
der  these  stresses  the  dislocations  moving  within  the  alloyed  surface  layer  reach  high  veloci¬ 
ties  and,  consequently,  the  high  kinetic  energies  and  then  are  ejected  in  the  sublayer  where  the 
stress  value  are  less  than  the  yield  strength.  3)  In  the  sublayer  the  dislocations  moving  by  in¬ 
ertia  up  to  full  stop  overpass  the  distances  w'hose  values  exceed  essentially  the  thickness  of 
the  surface  alloyed  layer. 
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The  quantitative  calculations  made  are  in  a  good  agreement  with  the  experimental 
data  [9,10],  Particularly,  we  can  explain  the  existence  of  a  maximum  on  the  curves  "the  dislo¬ 
cation  density-the  distance  to  the  surface". 

2.2.  Dislocation  substructures  formed  at  HPIB 

In  figure  4  one  can  see  the  typical  electron  microscopy  images  of  the  dislocation 
structures  formed  in  a-Fe  exposed  to  HPIB.  The  dislocation  structure  varies  from  complex 
dislocation  configurations  to  uniform  dislocation  distribution.  The  dislocation  structure 
turned  to  be  more  uniform  when  the  density’  of  ion  current  is  equal  to  60  A  cm"  and  the  num¬ 
ber  of  pulses  is  equal  to  1 .  The  increase  in  the  ion  current  density  to  200  A  cm"'  and  in  the 
number  of  pulses  to  5  is  accompanied  by  a  significant  reconstruction  in  the  dislocation  struc¬ 
ture.  The  dislocation  structure  becomes  non-uniform.  When  comparing  the  dislocation  struc¬ 
ture  formed  under  high  power  ion  beam  and  during  plastic  deformation  it  was  established  that 
these  dislocation  structures  are  similar.  We  investigated  the  dislocation  structures  formed  at 
different  distances  from  the  irradiated  surface  (see  fig.  4c,  d).  It  was  established  that  starting 
from  50  pm  thickness,  regions  with  the  fragmented  dislocation  substructure  are  observed. 
This  dislocation  substructure  corresponds  to  a  high  value  of  high  velocity  plastic  deformation. 

Figure  5  shows  the  dependence  of  the  mean  dislocation  density  on  the  distance  to  the 
irradiated  a-Fe  surface.  The  dependence  obtained  shows  two  maximums.  The  first  maximum 
is  near  the  irradiated  surface.  This  maximum  is  related  to  the  thermomechanical  stresses 
arising  in  a  near  surface  layer  at  melting,  evaporation  and  sublimation.  The  second  maximum, 
more  stretched,  is  at  the  distance  about  of  100  pm  from  the  irradiated  surface.  This  maximum 
corresponds  to  the  sample  region  where  the  shock  wave  is  formed  by  the  recoil  momentum 
under  vapor  and  plasma  deposition  on  the  surface.  We  calculated  the  depth  of  the  shock  wave 
formation  using  the  following  formula  [11] 


where  Cj  is  the  longitudinal  sound  velocity  in  solids  in  the  non-excited  state;  Am  is  the  mass 
of  evaporated  matter;  x  is  the  pulse  duration;  T  is  Gruneisen  parameter;  q  is  the  effective 
density  of  the  obsewed  energy  flow;  y  is  an  adiabatic  indicator;  1 .  For  a-Fe  Z  »  120- 

130  pm  that  agreed  with  the  experimental  results. 

2.3.  Dislocation  substructures  formed  at  HPPM 

The  exposure  to  HPPM  on  the  metal  samples  leads  to  the  generation  of  dislocations 
and  to  increase  of  the  dislocation  density  .  As  a  result,  the  different  dislocation  substructures 
are  formed:  net  and  cell  net  dislocation  substructures  without  misorientations,  tangled  dislo¬ 
cations  as  well  as  chaotically  distributed  dislocations.  Some  types  of  the  dislocation  structures 
formed  at  HPPM  are  presented  in  the  Figure  6  .  It  necessary  to  point  out  that  these  dislocation 
substructures  are  similar  to  the  dislocation  substructures  formed  in  the  deformed  metals  and 
alloys  as  well  as  at  exposure  to  other  type  irradiations.  The  maximum  changes  in  the  disloca¬ 
tion  structure  occurred  in  the  near  surface  layer  the  thickness  of  which,  as  a  rule,  was  equal  to 
several  micrometers,  i.  e.  to  one-three  values  of  the  skin  laver  thickness. 

The  characteristic  dependencies  of  the  average  dislocation  density  on  the  distance 
from  the  irradiated  surface  are  given  in  Figure  7.  The  calculated  boundaries  of  the  skin  layers 
are  shown  by  vertical  dotted  lines.  With  the  increase  of  the  distance  from  the  surface  the  dis¬ 
location  density  is  increased  reaching  a  maximum  and  then  it  is  decreased.  A  maximum  of  the 
dislocation  density  lies  near  the  skin  layer  or  immediately  beyond  the  skin  layer. 

The  carried  out  evaluations  of  the  incident  electromagnetic  wave  pressure  showed 
that  the  HPPM  pressure  value  is  by  many  orders  of  magnitude  smaller  than  the  target  yield 
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strength  value.  Consequently,  the  reflected  wave  cannot  be  the  reason  of  the  dislocation 
structure  formation 

Lei  us  evaluate  the  quantity  of  the  HPPM  energy  absorbed  by  the  target.  For  the  tlux 
density  of  the  absorbed  HPPM  there  exists  the  following  expression: 


ft 


_  P  ■  — 

absb.  1  inc.  v  1 

V  o 


(2) 


where  c  is  the  static  conductivity  (for  pure  copper  c  =  5  10  s'  for  the  HPPM  of  3-5  GHz. 


is  the  electric  constant,  f  is  the  frequency  of  the  HPPM  field  and  Pmc  is  the  flux  density  of  ir¬ 
radiated  power  on  the  sample  surface.  The  energy  absorbed  by  a  square  unit  of  the  sample 
surface  during  exposure  to  HPPM  is  equal  to 

W  =  Pjhsh  i  N  ,  (3) 


where  t  is  the  pulse  duration,  N  is  the  pulses  number.  For  N=100,  x=30  ns  and 
Pmc=lxl0'  Wt  cm''.  From  (2)  and  (3)  one  can  receive  W=5xl0'4  J  cm'2. 


The  quantity'  of  energy  which  is  necessary  for  the  dislocation  structure  formation  in 
the  material  volume  unit  can  be  evaluated  as  follows  [12]: 

W„  =  pCo ,  (4) 

w  here  p  is  an  average  dislocations  density  ,  Ec  is  the  dislocation  energy'  of  a  unit  length  [13]: 

Lc  =  Gb/4trk  Ini R  r) ,  (5) 

where  C  is  the  shear  module,  b  is  the  dislocation  Burger  vector  value,  k=  1  for  the  screw' 
dislocation  and  k=l-v  for  the  edge  dislocation  (v  is  the  Poisson  coefficient;  usually  k=l),  r  is 

the  dislocation  nucleus  parameter  (usually  r=b),  R=lr\fp  is  the  characteristic  size  of  the  dislo¬ 
cation  area  For  copper  G=42  GPa,  b=0.25  nm.  In  the  near  surface  layer  w'ith  the  changed 
dislocation  structure  the  maximum  dislocation  density'  value  does  not  exceed  l .2x10 10  cm'2. 
Let  us  assume  p=l.\10  cm  '.  The  energy  necessary  for  the  dislocation  structure  formation  of 
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the  above  said  density  in  a  unit  of  the  material  volume  turned  to  be  0.125  J  cm”.  Conse¬ 
quently,  one  should  assume  Wj^=W0d  is  the  energy  of  the  dislocation  structure  formation  in 
the  thin  surface  layer  the  thickness  of  which  is  equal  to  d.  Let  d=4  (am,  than  Wv=0.5.\10"4  J 
cm*2.  The  value  received  is  smaller  than  the  HPPM  energy  absorbed  by  a  square  unit  of  the 
metal  surface.  It  should  be  noted  that  under  the  exposure  to  HPPM  the  metal  reflectiveness 
can  be  significantly  changed  and  the  quantity  of  the  absorbed  energy  will  be  appreciably 
higher  [14].  Thus,  the  given  evaluations  showed  that  the  quantity  of  the  HPPM  energy'  ab¬ 
sorbed  by  the  metal  is  enough  for  the  dislocation  structure  formation  in  the  target  near  surface 
layer. 

As  it  was  pointed  out  above  the  dislocation  structures  formed  under  exposure  to 
HPPM  are  similar  to  the  metal  dislocation  structures  deformed  up  to  10M5%.  Naturally,  the 
dislocation  generation  in  the  near  surface  copper  layer  under  exposure  to  HPPM  is  initiated 
by  the  thermostresses  induced  by  the  absorption  of  a  part  of  the  HPPM  energy'  [15],  However, 
the  evaluations  done  showed  that  the  temperature  in  the  subsurface  copper  layer  is  changed  in 
fractions  of  a  degree.  The  stress  resulted  from  the  crystal  lattice  distortion  under  the  electrical 
component  of  the  HPPM  field  appeared  to  be  one  of  the  possible  reasons  of  the  dislocations 
generation  Mechanisms  of  the  dislocation  structure  formation  under  exposure  to  the  HPPM 
field  are  called  for  further  theoretical  consideration. 

4.  Discussion 

The  dislocation  density  dependencies  on  the  distance  to  the  irradiated  surface  for 
HDII,  HPIB  and  HPPM  (Fig.  3,  5,  7)  take  on  the  same  form.  All  the  curves  have  a  maximum 
lying  at  some  distance  from  the  surface.  The  character  of  irradiation  exposure  determines  the 
position  of  the  maximum  relative  to  the  irradiated  surface  as  well  as  the  thickness  of  the  near 
surface  layer  where  the  defect  structure  modification  takes  place.  For  example,  the  thickness 
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of  the  near  surface  layer  for  HPPM  is  equal  to  the  several  micrometers,  the  same  value  for 
HPPM  is  equal  to  tens  micrometers,  whereas  the  layer  thickness  for  HPIB  exceeds  consid¬ 
erably  greater  than  100  pm.  It  is  necessary'  to  point  out  that  in  target  near  surface  layers  under 
exposure  to  all  types  of  irradiation  used  the  identical  dislocation  substructures  are  formed. 
The  pointed  peculiarities  testify  to  the  fact  that  nature  of  the  defect  substructure  formation  in 
the  metals  under  exposure  to  irradiations  is  the  same.  Deviation  is  seen  only  for  HPIB.  Two 
maxima  were  revealed  on  the  curve  "the  dislocation  density-the  distance  to  the  irradiated  tar¬ 
get  surface". 

Analysis  of  the  character  of  the  dislocation  substructures  formed  in  the  metal  near 
surface  layers  under  exposure  to  ion  beams  (HDD  and  HPIB)  and  HPPM  irradiation  showed 
that  they  are  similar  not  only  between  themselves  but  also  to  the  dislocation  substructures  of 
metals  and  alloys  deformed  up  to  10-15  %.  Undoubtedly,  the  dislocation  substructures  in  the 
irradiated  metals  are  resulted  from  the  plastic  flow  of  the  target  near  surface  layer  under  ex¬ 
posure  to  irradiation.  Actually,  the  irradiation  exposure  on  the  target  is  similarly  to  the  me¬ 
chanical  loading.  In  this  case  in  the  near  surface  target  layer  the  high  level  of  mechanical 
stresses  are  formed  (static  and/or  dynamic),  that  lead  to  the  dislocation  generation,  the  dislo¬ 
cation  density  increase  and  to  the  formation  of  the  dislocation  substructures.  The  nature  of  the 
stresses  arising  in  the  target  near  surface  layers  under  irradiations  is  different  and  depends  on 
the  character  of  the  irradiation  and  calls  for  further  investigation.  Some  mechanisms  of  the 
formation  of  stresses  and  the  defect  structures  under  exposure  to  ion  beams  are  considered  in 

[5-9]- 


5.  Conclusions 

The  exposure  to  irradiation  of  HDI1,  HPIB  and  HPPM  types  leads  to  generation  of 
dislocations  in  the  near  surface  layer  of  metallic  target.  The  formed  dislocation  substructures 
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are  similar  to  the  dislocation  substructures  formed  in  the  deformed  metals  and  alloys.  The 
thickness  of  the  near  surface  layer  of  the  irradiated  target  with  the  induced  dislocation  sub¬ 
structures  depends  on  the  type  of  irradiation.  It  is  equal  to  some  micrometers  for  HPPM,  tens 
micrometers  for  HDI1  and  hundreds  micrometers  for  HPIB.  The  main  reason  of  dislocation 
aeneration  is  the  high  level  of  stresses  originated  in  the  near  surface  layer  of  the  target  in  the 
process  of  irradiation  or/and  after  it.  The  mechanisms  of  the  stresses  origination,  the  value 
and  character  of  stresses  in  the  near  surface  layer  depend  on  the  ty  pe  of  irradiation  that  are 
used  for  treatment  of  the  metallic  target. 
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Table 


THE  PARAMETERS  OF  IRRADIATIONS 


1.  HIGH  DOSE  ION  IMPLANTATION 

1. 

Sort  of  ions 

C,  Fe,  W,  Hf,  At,  Dy,  Pb  Cu,  Mo,  Ni,  B,  La,  Zr 

9 

Mean  energy  of  ions 

40-200  keV 

Incident  dose 

lxlO16  -  lxlO18  ion  cm'” 

4. 

Regime  of  ion  implantation 

continuos,  repetitively-pulsed 

5. 

Temperature  of  target 

< I00°C 

6. 

Target 

a-Fe,  Cu,  Mo,  Cu-Co-Al,  VT18U,  NijFe 

7. 

Type  of  ion  source 

Raduaa,  Diana,  Vita,  Vezuvii-1,  MEVVA 

ii. 

HIGH  POWER  ION  BEAM 

1. 

Mean  value  of  ion  energy 

300,  450  keV 

o 

Ion  current  density 

60,  100,  200  A  cm-2 

n 

9. 

Duration  of  pulse 

80-100  ns 

4. 

Number  of  pulses 

1-11 

5. 

Ion  composition 

50%  C-50%  H 

6. 

Target 

a-Fe 

7. 

Type  of  accelerators 

Tonus,  Vera 

III.  HIGH  POWER  PULSED  MICROWAVE 

1. 

Wave  length 

2.85,  10  cm 

9 

Power  flux  density 

2-400  kWt  cm’2 

Pulse  number 

2,  50,100 

4. 

Pulse  duration 

50-300  ns 

5.  Target  Cu.  a-Fe,  Mo,  Ni 
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Figure  Captions 

Fig.  1.  Scheme  of  dislocations  substructures  transformations  in  metals  and  alloys  at  plastic 
deformations. 

Fig.  2.  Electron  micrographs  of  dislocation  substructures  formed  in  metals  at  HDLI. 

(a)  Tangled  dislocations  (Mo~->Mo);  (b)  net  dislocation  substructure  (W  ->a-Fe);  (c) 
cell-net  dislocation  substructure  (Ni_— >Cu);  (d)  cell  dislocation  substructure 
(Hf->Cu). 

Fig.  3.  Dependence  of  the  dislocation  density  on  the  distance  to  a-Fe  (a)  and  Cu  (b)  im¬ 
planted  surface,  (a)  1)  the  initial  state;  the  retained  doses  (ion  cm'")  are  2)  0.22xl0u’; 

3)  1.18x1 016;  4)  2.6xl0,f';  5)  5.5xl016;  6)  9.3xl0'6;  (b)  1,5)  the  initial  states  after  an¬ 
nealing  and  deformation  to  6%  correspondingly;  2,  3,  4)  after  implantation  with  Ti,  Hf 
and  Zr  ions  correspondingly  of  annealed  Cu;  6)  after  implantation  with  Hf  ions  of  Cu 
defonned  to  6%. 

Fig  4.  Electron  micrographs  of  dislocation  substructures  formed  in  a-Fe  at  exposure  to 

F1PIB.  (a)  Chaotic  dislocation  substructure;  (b)  cell-net  dislocation  substructure;  (c,  d) 
fragmented  dislocation  substructures. 

Fig.  5.  Dependence  of  the  dislocation  density'  on  the  distance  to  a-Fe  irradiated  surface  after 
exposure  to  HPIB;  the  ion  current  density  is  100  A  cm’2,  the  number  of  treated  pulses 
is  1 . 

Fig.  6.  Electron  micrographs  of  dislocation  substructures  formed  in  Cu  at  exposure  to  FfPPM. 
(a)  Chaotically  distributed  dislocations;  (b)  dislocation  tangles;  (c)  cell-net  dislocation 
substructure  without  misorientations;  (d)  cell-net  dislocation  substructure  with  misori- 


entations. 
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Fig.7.  Dependence  of  the  scalar  dislocation  density  on  the  distance  to  the  irradiated  copper 
surface  after  HPPM  treatment. 

(2)  X  =  2.85  cm,  Pmc  =  200  kWt  cm'2,  n  =  50  pulses; 

(3)  X  =  10  cm,  Pinc  =  2  kWt  cm'2,  n  =  100  pulses; 

(4)  X  =  10  cm,  Pmc  =  100  kWt  cm'2,  n  =  100  pulses; 

(5)  X  =  10  cm,  Pmc  =  10  kWt  cm'2,  n  =  100  pulses; 

the  dotted  line  (1)  shows  the  dislocation  density'  in  the  initial  state  of  copper;  the  verti¬ 
cal  lines  mark  the  skin  layer  boundaries  in  copper  at  the  wavelength  of  2.85  and 
10  cm. 
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‘abstract 

Two  sources  of  high  power  ion  beams  of  nanosecond  duration  are  described,  MAC 
and  TEMP  units.  They  generate  ions  with  the  energy  of  up  to  125  and  300  keV 
respectively,  and  the  pulse  duration  of  20-200  and  50  ns  respectively.  The  sources  are 
powered  by  magnetically  insulated  strip  diode  systems. 

The  accelerators  are  used  both  for  applied  research  on  modification  of  structural 
material  properties,  and  for  practical  application  of  ion  beam  technologies  for 
industry. 


1.  MAC  SUPERCURRENT  SHORT-PULSED  IMPLANTER 

The  short-pulsed  ion  implantation  allows  to  combine  implantation  of  doping  additions 
and  annealing  of  defects  emerging  in  the  surface  layer  structure,  with  one  operation 
[1,  4],  The  following  requirements  are  imposed  on  such  short-puled  high  current 
implanter  machines:  high  pulsed  repetition  frequency,  long  life,  a  possibility  of 
changing  of  ion  kind  and  power  flux  density. 

The  machine  comprises  an  initial  energy  storing  unit,  a  step-up  peaking  transformer,  a 
vacuum  chamber  equipped  with  magnetic  ion  diode  (MID).  It  allows  to  form  a  single 
pulse  or  two  voltage  pulses  of  the  opposite  polarity  [6]  with  a  possibility  of  the 
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varying  of  the  pulse  interval  between  two  pulses.  The  amplitude  of  the  high  voltage 
pulse  at  the  ion  diode  can  reach  up  to  150  keV;  pulse  duration  and  pulse  interval  are 
strongly  depending  on  the  length  of  the  forming  line.  A  Marx  generator,  which  was 
used  for  preliminary  study  of  the  short-pulsed  implantation  for  the  charging  the  pulse 
forming  line  [3,  4],  was  replaced  by  the  pulse  transformer  with  300  keV  output 
voltage  and  24  transfer  coefficient. 

To  set  up  a  pulsed  insulation  magnetic  field  in  the  ion  diode,  the  current  source  circuit 
of  a  generator  with  a  step-down  peak  transformer  having  k=l/10  was  used.  Tire 
amplitude  of  the  insulation  current  was  up  to  60  kA  and  the  current  pulse  duration  was 
20  ps. 

The  machine  is  demonstrated  to  operate  in  bipolar  pulse  mode,  where  the  first 
negative  voltage  pulse  serves  for  the  plasma  formation  on  the  potential  electrode 
surface  and  the  second  positive  one  serves  for  the  acceleration  of  ions  formed  by  this 
plasma. 

The  cathode  serves  for  magnetic  insulation  of  the  electron  flux  in  the  anode-cathode 
gap  as  a  whole,  as  well  as  for  the  effective  control  of  the  electron  flux  on  the  anode.  It 
allows  to  vary  the  efficiency  of  plasma  formation  on  the  anode  surface  and  attain 
emission  homogeneity.  The  MID  anode  is  made  of  aluminum;  however,  the  coating 
of  the  MID  active  parts  can  be  replaced  by  different  kinds  of  material.  The  MID  has 
the  following  dimensions:  45  mm  width,  200  mm  length,  80  cm2  active  part  area.  The 
cathode  beam  output  side  is  a  system  of  4x40  mm  slits,  with  60  per  cent  total  cathode 
transparency. 

For  the  generation  of  heavy  ion  beams,,  the  MID  anode  was  made  of  the  same 
material  with  the  regular  spaced  protrusions  on  the  surface.  The  total  current  of 
output  beam  was  up  to  1.5  kA.  Fig.  1  presents  characteristics  in  the  case  of  diode 
with  aluminum  anode.  When  Aln"  ions  are  generated,  their  portion  constitutes  70%  of 
the  beam  composition,  the  remaining  30  %  beam  part  is  presented  by  FT  and  Cn+  ions. 
Fig.  2  presents  A1  distribution  profile  depending  on  depth  in  Si  target  (MED  with 
aluminum  anode  with  regular  spaced  protrusions  on  the  surface  and  irradiation  dose  of 
5  10  cm'  ).  The  results  were  obtained  by  two  different  procedures,  i.e.  instantaneous 
gamma-resonance  spectroscopy  with  27Al(p,g)28Si  (bar  chart)  nuclear  reaction  and 
secondary  emission  spectroscopy  (dashed  line)  [7]. 
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2.  TEMP  SOURCE  OF  HIGH  POWER  ION  BEAMS 


On  metal  treatment  by  the  HPIB  action  of  nanosecond  duration,  these  undergo 
structural  changes  (mainly  in  the  near-surface  layers)  and  carbides  of  target 
components  are  formed,  the  carbon  diffused  in  and  than  absorbed  on  the  metal  surface 
taking  part  in  the  reaction  [8]. 

The  functional  capabilities  of  practical  implementation  of  HPIB  are  extended  to  the 

possibility  of  the  film  deposition  on  the  surface  treated  by  specific  chemical 

composition  before  HPIB  irradiation;  it  provides  the  layer  mixing.  Besides,  HPIB 

/ 

treatment  allows  to  obtain  metastable  compounds,  which  can  not  be  obtained  by  other 
techniques.  A  similar  approach  is  used  in  the  laser  implantation  technique. 

Fig.  3  shows  a  vacuum  chamber.  The  unit  has  a  semi-automatic  remote  control  panel, 
a  carrousel  specimen  handling  system  installed  in  the  vacuum  chamber.  Specimen 
treatment  can  be  performed  in  both  a  manual  an  automatic  control  mode.  The  time 
required  for  opening  the  chamber,  replacing  the  chargeable  carrousel  unit  with 
specimens,  chamber  pressurisation  and  pumping  to  10'4  mm  Hg  operation  pressure  is 
10  min. 

Beams  are  produced  by  the  magnetically  insulated  diodes  (MID)  without  external 
magnetic  field.  The  500  mm  section  vacuum  chamber  is  made  of  stainless  steel  tube 
of  500  mm  diameter.  On  it's  lateral  section,  there  are  3  windows  and  some  high 
voltage  power  and  signal  bushings  for  physical  and  optical  diagnostics.  To  provide 
mixing  of  multilayer  targets,  a  device  intended  for  thin  metal  film  deposition  on 
treated  surfaces  was  installed  in  the  vacuum  chamber.  It  allows  to  use  magnetron 
technique  for  target  sputtering  and  to  obtain  the  films  of  various  materials.  The  two 
300x100x30  mm  magnetrons  were  installed  on  the  back  flange  of  the  vacuum 
chamber  opposite  to  MED  (Fig.  3  ).  The  unit  operation  depends  on  the  power  supply 
system,  which  consists  of  two  3  kW  d.c.  sources  with  voltage  up  to  1,000  V,  as  well 
as  gas-feeding  and  water-cooling  system.  HPIB  treatment  and  film  deposition  can  be 
performed  in  any  desired  sequence  without  causing  any  de-pressurization  of  the 
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vacuum  space.  Current  density  at  the  target  is  controlled  by  the  gap  between  the  target 
unit  and  the  focusing  diode. 

Thus,  the  functional  capabilities  of  the  machine  have  been  extended  to  the  following 
operations  in  one  cycle: 

•  deposition  of  metal  film  and  their  mixing  with  substrate  by  HPEB  treatment; 

•  target  pre-treatment  and  metal  film  deposition; 

•  target  pre-treatment,  film  deposition  and  mixing  of  materials  by  HPIB  treatment; 

•  target  pre-treatment,  deposition  of  two  metal  films  in  one  or  N  cycles  and  their 
mixing  by  HPIB  treatment. 

3.  HARDENING  OF  CUTTING  TOOLS 

The  treatment  of  steel  tools  irradiated  by  HPIB  with  more  than  100  A/cm2  current 
density,  with  more  than  2  pulses,  leads  to  the  formation  of  fine-grained  structure  in  the 
near-surface  layer.  Polished  specimens,  which  are  subjected  to  the  HPIB  treatment, 
have  a  high  level  of  the  surface  roughness  compare  to  the  original  ones,  while  a 
similar  treatment  of  the  specimens  with  more  rough  surface  leads  to  the  smoothing  of 
the  surface  and  improvement  of  the  surface  characteristics.  As  a  result  of  HPIB 
treatment,  the  density  of  dislocations  in  the  near-surface  layer  and  depth  of  ion  rate  in 
the  specimen  have  been  found  to  increase  by  an  order  or  two  orders  of  magnitude  with 
resultant  three-fold  or  better  increase  of  the  wear  resistance  of  the  treated  surface. 

The  SEE  «Linetron»  and  the  «Temp»  Engineer  Physical  Center  are  developed  the 
industrial  technology  for  the  cutting  tool  hardening  on  the  base  of  TEMP  accelerator 
for  the  wagon  wheels’  treatment.  The  annual  production  has  reached  100,000  plates 
per  year.  The  accelerator  resource  is  more  than  106  times  to  the  moment.  The  tool 
hardening  is  varying  from  2  to  6  times  depending  on  the  sort  of  tool  and  material. 

CONCLUSION 

The  TEMP  and  MAC  accelerators  have  a  different  applications.  In  the  first  case,  it  is 
an  ion  energy  influence;  in  the  second  case,  it  is  a  ion  implantation  method.  The 
accelerators  are  based  on  the  same  approach  of  the  ion  formation  in  diode  systems. 
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The  industrial  application  of  TEMP  accelerator  for  the  tool  hardening  promises  the 

wide  perspectives  of  the  use  of  the  high  power  ion  beam  source  for  industry.  In  the 

near  future,  the  next  TEMP-4  accelerator  with  increased  productivity  and  1  Hz 

repetition  rate  will  be  put  into  the  operation. 
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Fig.l  Diagrams  of  voltage  and  current  density  pulses. 

Fig.2  A1  distribution  profiles  depending  on  depth  in  Si  target.  Obtained  by  the 
instantaneous  gamma-resonance  spectroscopy  with  27Al(p,y)28Si  (bar  chart)  and 
secondaiy  emission  spectroscopy  (dashed  line). 

Fig. 3  TEMP  source  of  high  power  ion  beams. 

3a-scheme  of  TEMP  source  with  carrousel  for  specimens,  where  1 -carousel  unit,  2-ion 
diode. 

3b-photo  picture  of  vacuum  chamber  of  industrial  facility  for  cutting  tool  treatment. 
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Abstract 

The  results  of  the  modification  of  metal  materials  treated  by  high  temperature 
pulsed  plasma  fluxes  (HTPPF)  with  a  specific  power  of  incident  flux  changing  in 
the  (3...100)  109  W/m2  range  and  a  pulse  duration  lying  from  15  to  50  ps  have 
been  presented.  The  microstructure  and  properties  of  modified  materials 
(mechanical,  tribological,  erosion,  and  other  properties)  and  surface  alloying  of 
metals  exposed  to  HTPPF  action  have  been  investigated. 

Keywords:  Pulsed  plasma:  Metal  modification:  Microstructure:  Properties 

1.  Introduction 

At  present,  non-traditional  technologies  based  on  the  use  of  laser  radiation, 
electron  and  ion  beams,  ion-plasma  action,  and  other  types  of  treatment  have 
found  a  wide  utility  in  modification  of  the  material  structure  and  properties.  The 
interaction  of  the  named  types  of  radiations  with  the  solid  results  in  the 
formation  of  the  near-surface  layers  with  modified  structure  and  phase 
composition  being  non-equilibrium  and  having,  as  a  rule,  high  physical, 
mechanical,  and  chemical  properties:  microhardness,  wear  resistance,  strength 
characteristics,  erosion  and  corrosion  resistance,  and  others. 

The  investigations  [1-3]  carried  out  in  recent  years  have  shown  that  the  use 
of  high  temperature  pulsed  plasma  fluxes  (HTPPF)  is  promising  among  non- 
traditional  methods  of  material  treatment.  They  have  a  number  of  advantages  in 
comparison  with  not  only  conventional  processes  of  heat  and  chemical  treatment, 
but  also  with  other  types  of  intensive  energy  fluxes  and  continuous  ion  beams  as 
follow: 

-  a  finished  unit  with  total  surface  of  up  to  0.5  m2  could  be  treated  for  a 
short  period  of  time; 

-  the  surface  treated  has  a  sufficiently  high  microhomogeneity  of  the 
composition  and  structure; 

-  the  possibility  of  using  the  working  substance  (gas)  simultaneously  both 
for  heating  the  near-surface  layers  and  for  material  alloying. 

It  should  be  pointed  out  that  the  main  disadvantages  of  the  HTPPF  action 
are  the  necessity  of  evacuation  of  the  samples  and  units,  and  that  these  processes 
have  not  been  adequately  studied  in  comparison  with  other  methods. 
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This  work  presents  the  results  of  investigations  of  the  microstructure  and 
properties  of  metal  materials  (mechanical,  tribological,  erosion,  and  other 
properties)  treated  by  HTPPF  with  a  specific  power  of  incident  flux  changing  in 
the  (3...100)  10R  W/m2  range  and  a  pulse  duration  lying  from  15  to  50  us. 

2.  Experimental 

The  material  modification  by  HTPPF  action  was  performed  on  the  pulse 
electrodynamic  plasma  accelerators  of  MK-200  type  and  plasma  installations  of 
“Desna”  type.  The  main  parameters  of  HTPPF  are  :  1.  The  maximum  energy  of 
ions  E;  =  2...6  ke\  ;  2.  The  incident  flux  specific  power  Q  =  (3...100)T0R  W/m2; 

3.  The  pulse  duration  t=2...50  us  ;  4.  The  number  of  impact  pulses  X=1...100  . 

Different  gases  were  used  as  working  substance,  including  hydrogen 
(deuterium),  helium,  and  nitrogen.  The  operation  of  the  plasma  accelerators  and 
the  irradiation  conditions  are  presented  more  fully  in  [4]. 

Material  treatment  by  its  degree  of  action  can  be  divided  into  three  types: 

1.  hard  action  (Q>5T010  W/m2,  N>10);  2.  moderate  action 

(P10iU<Q<51010  W/m2,  1<N<10);  3.  weak  action  (Q<11010  W/m2.  1<X<10). 

Tnis  division  was  made  on  the  basis  of  different  degree  of  heating  the  irradiated 
materials  and  of  topography  changes  of  the  surface  after  treatment.  The 
materials  exposed  to  hard  action  undergo  intensive  melting  and  boiling;  moderate 
action  results  in  melting  the  near-surface  layers;  weak  action  heats  the  near- 
bUiiace  layers,  and  in  some  cases  when  the  incident  flux  specific  power  is  in  the 
vicinity  of  its  upper  limit,  local  melting  is  observed. 

Results  of  HTPPF  action  were  studied  on  the  stainless  steels  of  18Cr-10Ni, 
16€r-  15Ni,  13Cr-2Mo  types;  on  the  structural  steels  of  13Cr.  St.  3,  St.  45  types: 
on  the  jool  steels  of  U8.  65G  types,  and  others;  on  nickel  and  high  nickel  alloy  of 
20Cr-45Xi  type;  on  zirconium-base  alloys  and  other  metals. 

The  samples  treated  by  HTPPF  were  studied  by  means  of  optical,  scanning, 
and  transmission  electron  microscopy.  Investigation  of  microstructure  along  the 
depth  of  layer  modified  by  plasma  treatment  was  performed  on  cross  and  angle 

(0—7  )  metallographic  specimens  and  with  the  help  of  layer-by-layer  transmission 
electron  microscopy. 

The  friction  tests  were  carried  out  in  accordance  with  the  method  of 
recipricoating  slip  of  the  investigated  samples  in  combination  with  a  counterbody, 
made  of  solid  alloy  BK-5.  under  a  load  of  25  N  and  a  velocitv  of  the  sample 
movement  of  3.6  mm/s. 

Surface  alloying  of  metals  has  been  investigated.  This  method  is  based  on 
the  use  of  significant  temperature  increasing  and  melting  of  the  near-surface 
layers  of  materials  under  HTPPF  action  and  thus  on  the  use  of  the  possibility  of 
alloying  through  liquid  phase.  Armco-iron  and  steel  of  St.  3  type  were  used  as  a 
sample  base  for  alloying.  Layers  of  different  alloying  elements  (Xi,  Cr,  Ti),  used 
for  corrosion  resistant  steels  of  complex  composition,  were  coated  on  the  surfaces 
of  substrates  prepared  by  means  of  electroplating  (EP)  and  vacuum  evaporation 
(VE).  The  substrates  coated  with  alloying  elements  on  their  surfaces  were 
exposed  to  diffusion  annealing  in  argon  at  1273  K  for  3  h.,  then  they  were 
irradiated  by  helium  pulsed  plasma  fluxes  (Q=(1...6)T010  W/m2,  t=15...20  ps).  The 
used  \  alues  of  Q  significantly  exceeded  the  values  of  critical  specific  powers  q^ 
which  are  necessary  for  melting-down  the  layer  of  allowing  elements  and 


substrate  on  which  this  layer  is  coated.  The  values  of  qc1,  according  their 
estimations,  lie  in  the  (6.5...12)109  W/m2  range  and  depend  on  the  kind  of  alloying 
element. 

3.  Results 

The  investigation  of  microstructure  of  face  metallographic  specimens  by 
optical  and  scanning  microscopy  shows  [5]  that  HTPPF  action  results  in  the 
changes  of  the  near-surface  layers,  in  this  thin  layers  with  a  decreased  tendency 
to  grain  etching  are  formed.  The  quantity  and  thickness  of  these  layers  depend 
on  the  parameters  of  HTPPF  action,  in  particular  on  the  incident  flux  specific 
power  Q,  and  on  the  thermal  and  physical  properties  of  the  material  which 
determine  the  degree  of  heating  the  surface  exposed  to  HTPPF  action.  It  has 
been  found  experimentally  that  with  an  increase  of  the  incident  flux  specific 
power  Q  and  when  attaining  the  conditions  of  melting  the  near-surface  layers,  i.e. 
at  Q>(1...2)1010  W/m2,  several  layers  of  different  modified  structures  are  formed 
practically  in  a  leap  manner.  In  the  case  that  Q<(1...2)T010  W/m2,  most  of  the 
experiments  show  that  only  one  layer  of  changed  microstructure  is  formed.  This 
layer  has  a  decreased  tendency  to  grain  etching  and  is  in  the  form  of  a  white 
strip,  its  thickness  being  equal  to  15...20  pm.  It  has  been  revealed  that  when  the 
materials  are  exposed  to  relatively  weak  regimes  of  HTPPF  action,  a  modified 
layer  of  columnar  structure  is  observed.  Its  axis  is  oriented  to  the  surface  and  to 
the  modified  layer  -  initial  material  interface,  and  changes  along  the  treated  zone. 

Investigation  of  the  fine  structure  of  samples  under  HTPPF  action  by 
transmission  electron  microscopy  demonstrates  [3,  5,  6]  that  the  cellurar 

structure  is  formed  as  a  result  of  such  HTPPF  action  (Fig.  1).  As  it  is  seen  from 
the  figure,  the  cells  can  be  of  different  forms  in  the  section  parallel  to  the  surface 
of  the  foil  (target),  from  almost  right  hexagonal  till  cylindrical.  In  some  cases 
they  can  be  formed  side  by  side,  and  it  may  be  seen  that  hexagonal  cells  are 
within  one  grain,  while  cylindrical  cells  are  within  another  neighbouring  grain. 


Fig.  1.  Electron  microscopy  images  of  the  cellular  microstructure  of  steel 
16Cr-15Ni-3Mo-Nb  (a)  and  purity  nickel  (b)  after  HTPPF  irradiation  : 
a,  hard  impact;  b,  weak  impact 


4 


An  analysis  of  the  results  obtained  by  electron  microscopy  shows  that  the 
walls  of  these  cells  have,  as  a  rule,  a  dislocation  structure.  As  for  the  materials 
with  complex  composition  are  concerned,  they  are  decorated  with  small  bubbles 
of  20...30  mm  in  size  and  with  fine-dispersed  depositions  of  particles  of  refractory 
primary  phases,  supposedly  of  NbC  and  Nb(C.N)  in  steel  16Cr-15Xi-3Mo-Nb.  and 
(Nb,Mo)(C,N)  in  alloy  20Cr-45Ni-4Mo-Xb.  In  a  number  of  cases  when  these 
materials  are  exposed  to  hard  HTPPF  action,  an  interlayer  of  a  phase,  having  a 
different  contrast  as  compared  to  that  of  the  matrix,  is  observed  along  the  ceil 
boundaries  (Fig.  l.a).  Austenitic  -/-phase  in  pseudoamorphous  state  is  formed  at 
the  boundaries  of  the  cells  in  steel  16Cr-15Xi-3Mo-Nb  [7]. 

A  statistical  analysis  of  the  electron  microscopy  photographs  obtained  has 
demonstrated  that  characteristic  dimensions  of  the  hexagonal  cells  vary  from  0.1 
to  1.5  pm  and  depend  on  the  conditions  of  irradiation  (Q),  on  the  kind  of  material 
and  the  character  of  its  preliminary  treatment  (Fig.  2).  It  can  be  seen  from  this 
figure  that  the  dimensions  of  the  cells  (1^)  decreases  monotonically.  something 
like  a  Q—  °-  function,  with  an  increase  of  Q.  As  this  takes  place,  the  dimensions  of 
the  cells  for  fixed  values  of  Q  are  smaller  in  the  materials  having  more  quantity 
of  fine-dispersed  particles  resistant  to  high  temperature  action,  they  are  carbides 
or  carbonitrides,  and  in  the  materials  preliminary  exposed  to  cold  strain. 

Layer-by-layer  electron  microscopy  of  the  fine  structure  of  modified  layer 
has  shown  [5]  that  mean  dimensions  of  the  cells  practically  do  not  change  with 
distance  from  the  surface  within  the  experimental  error.  For  instance,  the  range 
of  mean  dimension  changes  equals  to  0.3...0.4  pm  for  steel  18Cr-10Xi-Ti  irradiated 
unaer  the  following  conditions:  Q=T.3'i010  W/m2  and  N=3.  The  formation  of  the 
cell  structure  did  not  take  place  at  a  depth  about  20  pm  and  more. 

The  results  of  electron  microscopy  have  shown  that  annealing  the  steel 
18Cr-10Xi-Ti  at  893  K  during  1  h.  does  not  change  the  fine  cell  structure. 
Increasing  the  annealing  temperature  up  to  1173  K  during  1  h.  does  not  result  in 
full  disappearance  of  the  given  structure.  The  experimental  results  obtained 
demonstrate  that  this  austenitic  steel  exposed  to  HTPPF  treatment  has  a  high 
heat  resistance. 

An  analysis  of  the  given  results  shows  that  the  mechanism  of  the  cell 
structure  formation  depends  on  the  parameters  of  HTPPF  action.  In  particular, 
the  microcrystalline  columnar  structure  is  formed  as  a  result  of  HTPPF  action 
which  causes  the  near-surface  layers  to  melt.  This  takes  place  through  the 
mechanism  of  concentration  overcooling  owing  to  the  microsegregation  of  alloying 
elements  and  impurities  when  cellular  crystallisation  of  the  melt  material  occurs. 
Plastic  deformation  of  high  velocity  is  a  result  of  thermal  and  mechanical 
stresses,  it  is  responsible  for  the  formation  of  the  cellular  structure  with 
dislocations  when  materials  are  exposed  to  HTPPF  action  with  undercritical 
parameters  (Q<1010  W/m2). 

Modification  of  metal  materials  treated  by  HTPPF  results  in  the  changes 
of  their  mechanical  properties,  including  microhardness,  strength  and  tribological 
characteristics  [2,3].  The  changes  of  microhardness  on  the  surface  of  various 
materials  in  their  initial  state  and  after  HTPPF  treatment  under  hard  and 
moderate  regimes  are  presented  in  Table  1.  As  it  is  seen  from  the  table,  the 
surface  of  all  the  materials  treated  undergoes  hardening.  But  its  degree  depends 
on  many  factors:  on  irradiation  regimes,  on  the  kind  of  material  and  its  initial 
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Table  1. 

Microhardness  of  different  materials  in  their  initial  state  and  after  HTPPF 
treatment  under  hard  (1,3)  and  moderate  (2,  4)  regimes 


Microhardness,  MPa 

The  extent 

N/N 

Material 

Initial  state 

After 

of 

HTPPF 

hardening. 

treatment 

% 

1 

Structural  steels: 

16Cr-15Ni-3Mo-Nb  (annealed) 

1450  ±150 

2000  ±200 

40 

16Cr-15Ni-3Mo-Nb  (powder) 

1700±170 

2550±250 

50 

18Cr-10Ni-Ti  (annealed) 

1800±180 

2100±200 

20 

13Cr-2Mo+  1.5  mass.  %  TiC>2 

1900±190 

2750±250 

45 

13Cr-2Mo-Nb 

2050±200 

4350±350 

120 

Steel  St.  3  (cold  strained) 

1590±50 

2150...3480* 

35...120 

2 

Tool  steel: 

65  G  (annealed) 

4800±400 

9000±800 

90 

65  G  (quenched 

7300±700 

8500±800 

15 

and  tempered) 

3 

Nickel  and  its  alloys: 

Nickel  (of  high  purity) 

900±90 

1100±100 

20Cr-45Ni-4Mo-Nb  (annealed) 

1750±170 

2200±200 

4 

Zirconium  and  its  alloys: 

Zirconium  (of  high  purity) 

340±30 

900...1100* 

160...220 

E-110 

760±70 

1350±130 

80 

E-635 

870±80 

1300...1700* 

50...95 

5 

Vanadium 

1160±110 

2070±200 

80 

6 

Vanadium  alloys 

1570...1980 

2340...3160’ 

40...90 

*  -  microhardness  range  for  different  regimes  of  treatment  and  for  different  alloy 
composition. 


treatment.  The  most  considerable  extent  of  hardening  more  than  by  2  times, 
under  equal  conditions  of  treatment,  is  observed  for  two-phase  materials  with 
allotropic  modifications  and  for  monophase  low-alloyed  steels  with  small  content 
of  carbon. 

The  extent  of  the  surface  hardening  under  HTPPF  action  depends  heavily 
on  the  incident  flux  specific  power  Q.  As  this  takes  place,  the  dependence  of 
hardening  from  Q  is  not  a  monotone  function.  The  degree  of  hardening  increases 
with  the  incident  flux  specific  power  Q  of  up  to  2T010  W/m2.  Topography 
investigation  has  shown  that  a  porous  layer  of  solidified  melt  is  formed  on  the 
surface  of  materials  at  higher  values  of  Q.  Its  microhardness  is  significantly  less 
than  that  of  the  layer  lying  under  it.  In  consequence  of  this,  the  surface 
microhardness  for  relatively  weak  regimes  of  HTPPF  treatment  (for  example, 
Q-5109  W/m2)  is  more  than  that  for  hard  regimes. 

The  revealed  decrease  of  the  surface  microhardness  for  hard  conditions  of 
irradiation  in  comparison  with  moderate  ones  strikingly  shows  up  when  the 
changes  of  H^  through  the  target  depth  are  studied.  In  Fig.  3  are  shown  the 
changes  of  microhardness  through  the  target  depth  for  steel  18Cr-10Ni-Ti 
treated  by  HTPPF  under  different  conditions. 
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Fig.  2.  Fig.  3. 


Fig.  2.  Cell  mean  size  to  flux  specific  power  dependence  :  1.  steel  18Cr-10Ni-Ti; 

2.  purity  nickel;  3,  steel  16Cr-15Ni-3Mo-Nb;  4,  nickel  alloy  20Cr-45Ni  type 

Fig.  3.  Microhardness  to  depth  dependence  of  steel  18Cr-10Ni-Ti  irradiated  by 
HTPPF  :  I,  II.  Ill  -  hard,  moderate  and  weak  impact  respectively 

As  it  is  seen  from  the  figure,  the  peak  of  microhardness  displaces  to  the 
surface  with  decreasing  the  extent  of  hard  action.  This  results  in  hardening  of 
the  surface  thin  layer  by  a  factor  of  1.5.As  for  hard  action  is  concerned,  the 
thickness  of  the  layer  exposed  to  hardening  is  significantly  more  (of  up  to  60  pm) 

and  another  peak  (the  second  peak)  Hu  is  observed  at  a  considerable  distance 
from  the  surface. 

The  first  peak  is  conditioned  by  the  structure  and  phase  changes  in  the 
modified  layer  and  determined  by  its  thickness.  The  second  peak  was  observed  at 
a  significantly  more  depth  than  the  modified  layer  thickness  and  was  in  the  area 
with  a  high  dislocation  density.  It  seems  likely  that  its  formation  can  be  explained 
by  the  modification  of  microstructure  at  a  great  distance  from  the  surface  as  a 
result  of  deformation  caused  by  structure  and  thermal  stresses.  Estimations  of 
the  thermal  and  mechanical  stresses,  resulted  from  HTPPF  action,  demonstrate 
that  this  mechanism  can  occurs. 

Tribological  characteristics  (dry  friction  coefficient,  wear  resistance)  were 
studied  of  modified  steel  18Cr-10Ni-Ti  [3j.  The  friction  coefficient  (ffr) 
dependence  of  the  friction  path  for  the  steel  in  its  initial  state  (-20%  cold 
strained)  and  after  HTPPF  action  under  hard  conditions  is  shown  in  Fig.  4.  The 
treatment  by  HTPPF  causes  a  substantial  change  of  the  friction  coefficient  and 
the  character  of  its  dependence  of  the  friction  path  (Lfr).  In  particular,  the 
coefficient  ffr  for  this  steel  in  run-in  state,  treated  by  HTPPF,  is  two  times 
smaller  than  that  of  the  same  steel  in  cold  strained  state.  In  this,  the  process  of 
running-in  for  the  steel  in  modified  state  occurs  for  a  short  period  of  time  for  the 
friction  path  of  6. ..8  m.  An  analysis  of  the  wear  tracks  obtained  has  shown  that 
modified  steel  has  more  high  wear  resistance  at  less  roughness  of  the  surface  of 
the  tracks.  This  testifies  that  the  process  of  running-in  and  wear  for  plasma 
treated  steel  happens  under  more  weak  conditions. 


7 


Plasma  treatment  results  in  not  only  surface  hardening  but  the  change  of 
the  strength  properties  of  materials  [2,  3].  In  Fig.  5  are  presented  the  diagrams  of 
tension  for  standard  flat  samples  of  modified  materials  exposed  to  tensile  tests. 
These  results  show  that  the'  modification  of  materials  by  HTPPF  results  in 
increasing  the  elastic  characteristic  ay  and  rupture  strength  or.  It  must  be 
emphasised  that  the  enhancement  of  the  mechanical  properties  occurs  even  for 
relatively  thick  samples  (t=1.5  mm),  when  t/tm>50,  where  tm  is  the  thickness  of 
modified  layer  having  the  cellular  structure. 


Fig.  4.  Fig.  5. 

Fig.  4.  Influence  of  HTPPF  impact  on  dry  friction  coefficient  of  steel  18Cr-10Ni 

Fig.  5.  Load  -  extension  diagrams  of  nickel  in  initial  condition  (1,4)  and  after 
HTPPF  impact  (2,3,5):  exposed  to  irradiation  on  one  side  (2)  and  two  sides  (3,5) 

The  quantitative  changes  of  mechanical  properties  depend  on  the 
parameters  of  HTPPF,  the  kind  of  material  and  its  preliminary  treatment,  in  this 
case  hardening  peaks  for  the  preliminary  annealed  samples  when  their  two  sides 
are  exposed  to  plasma  treatment.  In  this  case  the  most  significant  changes  of 
elastic  characteristics  were  observed,  the  maximum  in  the  increase  of  Gy  was  up 
to  4  times  for  definite  conditions  of  treatment.  That  the  initial  plasticity  (8)  of  the 
materials  studied  does  not  change  after  their  treatment  is  a  characteristic 
feature. 

These  results  showed  that  hardening  the  materials  treated  by  HTPPF  could 
be  caused  by  the  joint  action  of  the  following  factors: 

-  by  the  formation  of  the  near-surface  layers  having  the  cellular  structure; 

-  by  the  formation  of  high  dislocation  density  resulted  from  the  structure 
and  thermal  stresses  at  depths  far  exceeding  the  thickness  of  modified  layer; 

-  by  great  residual  stresses; 

-  by  additional  wear  hardening  of  the  main  (massive)  material  when  the 
material  is  exposed  to  static  tensile  stresses  and  is  blocked  by  the  modified  layer. 

The  influence  of  preliminary  HTPPF  treatment  of  metal  materials  on  their 
erosion  followed  by  ion  irradiation  was  studied  [2,  3,  6].  The  main  experimental 
results  on  the  erosion  coefficient  changes  for  materials,  preliminary  exposed  to 
HTPPF  action,  owing  to  radiation  blistering  and  physical  sputtering  are 
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presented  in  Table  2.  The  table  shows  that  HTPPF  action  causes  a  decrease  of 
erosion  coefficients  because  of  blistering  and  physical  sputtering  by  up  to  25  and 
2...7  times,  respectively.  The  most  effect  is  attained  when  Q  changes  in  the 
(1...2)T010  W/m2  range  and  N=1...3.  Analogous  results  were  obtained  in  [8]. 

Table  2. 

Changes  of  erosion  coefficients  of  materials,  preliminary  treated  by  plasma  fluxes, 
owing  to  radiation  blistering  (1-4)  and  physical  sputtering  (5-7) 


No 

Material 

Ion  type 

Erosion  coefficient, 
xlO'2  atom/ion 

K  =  So/Sj 

Initial,  S0 

After 
HTPPF,  Si 

1 

18Cr-10Ni-Ti 

He+,  20  keV 

1.2 

0.6 

2.0 

2 

1 6Cr- 1 5Ni-3Mo-Nb 

He+,  20  keV 

17.5 

5.0 

3.5 

3 

13Cr-2Mo 

He+,  20  keV 

4.2 

2.1 

2.0 

4 

Ni 

He+,  40  keV 

68.5 

2.8...13.5* 

5.0...25.0 

5 

18Cr-10Ni-Ti 

ArT,  1  keV 

14.0 

2...5* 

2.8...7.0 

6 

1 6Cr- 1 5Ni-3Mo-Nb 

Ar+,  1  keV 

40.0 

8...  16* 

2.5...5.0 

n 

i 

Ni 

Ar+,  1  keV 

135.0 

25...60* 

2.2...5.0 

-  the  scatter  of  the  erosion  coefficients  is  due  to  different  conditions  of  the 
preliminary  plasma  treatment. 

Formation  of  uniform  cones  on  the  entire  ion  irradiated  surface  is  a 
characteristic  feature  of  sputtering  for  all  the  modified  materials  [3,6].  The  cones 
are  not  of  circular  shape  in  their  base,  as  it  is  usually  seen  for  high  dose  ion 
irradiation  [9],  and  they  have  a  section  close  to  hexagonal  one  with  a 
characteristic  cross  size  less  than  1  pm.  It  can  be  concluded  that  the  formation  of 
the  cellular  structure  in  the  near-surface  layers  is  of  paramount  importance  and, 
may  be,  the  main  factor  resulting  in  the  formation  of  such  cones  and  the 
decrease  of  HTPPF  treated  material  sputtering. 

The  main  quantitative  characteristics  of  the  surface  alloyed  layers, 
according  to  X-ray  spectrum  microanalysis,  are  listed  in  Table  3.  [10].  An 
analysis  of  the  results  obtained  has  shown  that  the  penetration  depths  of  the 
alloying  elements  are  significantly  greater  than  the  thicknesses  of  the  preliminary 
coated  layers  and  the  layers  with  modified  by  plasma  treatment  structure.  Auger 
spectrum  analysis  has  shown  that  HTPPF  action  results  in  mixing  the  elements 
in  the  near-surface  layers.  This  makes  itself  evident  in  the  appearance  of  iron  on 
the  surface  of  the  irradiated  samples  ,  as  well  as  the  tracks  of  carbon,  nitrogen, 
and  other  elements  that  present  in  the  substrate.  These  results  point  to  the 
possibility  of  purposeful  surface  alloying  of  metals,  exposed  to  HTPPF  action, 
over  a  depth  of  up  to  20...45  pm  and  at  a  concentration  of  alloying  element  of  up 
to  20  wt.%.  In  doing  so,  there  occurs  great  hardening  of  the  surface  and  near¬ 
surface  layers.  In  particular,  the  microhardness  of  steel  St.  3  can  be  increased  to 
1700...2500  MPa,  that  depends  on  the  kind  of  alloying  elements  and  the  conditions 
of  alloying.  Its  microhardness  is  2.4...3.4  and  1.5...2.0  times  greater,  under  analogous 
to  alloying  conditions,  than  that  of  the  same  steel  in  its  initial  state  and  after 
plasma  modification,  respectively. 
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Table  3. 

Main  characteristics  of  surface  alloyed  layers 


N/N 

Alloying 

element 

Method  of 
coating 

Thickness  of 
coating,  mm 

Thickness  of 
modified 
layer,  mm 

Maximum 
concentra 
tion  of 
alloying 
element, 
% 

Penetratio 
n  depth 
of  alloying 
element, 
mm 

1 

Nickel 

EP 

1.7 

4.3 

10...  12 

47.5 

2 

Nickel 

EP 

4.3 

4.2 

28.0 

Chromium 

VE 

0.2 

3.2 

18.2 

4 

Chromium 

EP 

0.65 

4.5 

5  ...6 

34.1 

5 

Titanium 

VE 

0.2 

2.5 

2 

8.5 

6 

Titanium 

VE 

0.3 

0.9 

0.5...0.7 

24.3 

7 

Vanadium 

VE 

0.85 

2.2 

3...4 

34.0 

8 

Vanadium 

VE 

0.9 

2.9 

2 

28.1 

4.  Conclusion 

An  analysis  of  the  results  obtained  for  metal  materials  exposed  to  HTPPF 
action  allows  to  conclude  the  following  -  this  treatment  is  a  complex  method  of 
purposeful  changes  of  the  structure  and  phase  state  and,  owing  to  this,  of 
different  operational  properties  of  materials,  including  surface  hardening,  the 
enhancement  of  mechanical  and  tribological  characteristics,  corrosion  and  erosion 
resistance,  and  others.  The  determining  factor  of  the  changes  observed  is  the 
formation  of  the  fine  cellular  structure  in  the  near-surface  layers  at  a  depth  of 
20  pm  with  dimensions  of  the  cells  changing  in  the  range  from  0.1  to  1.5  pm 
depending  on  the  kind  of  material,  its  preliminary  treatment,  and  the  parameters 
of  plasma  fluxes. 

An  important  factor  of  the  material  modification  by  HTPPF  is  an 
simultaneous  increase  of  several  properties  of  the  units  treated:  microhardness  of 
the  surface  and  layers  of  40...60  pm  in  depth,  tribological  characteristics  (friction 
coefficient,  wear  resistance),  mechanical  properties  (Cy,  cto.2,  oy)  on  retention  of 
the  initial  plasticity,  corrosion  resistance,  radiation  erosion  under  ion  irradiation, 
and  others.  As  a  summary  it  should  be  stated  that  taking  into  consideration  the 
advantages  of  the  material  modification  by  HTPPF  action,  mentioned  above,  in 
comparison  with  other  sources  of  intensive  energy  fluxes  and  with  ion 
implantation,  as  well  as  the  positive  results  on  the  improvement  of  a  number  of 
operational  characteristics  under  plasma  treatment,  high  temperature  plasma 
fluxes  can  be  considered  as  a  promising  source  for  developing  new  kind  of  non- 
traditional  technology. 
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Abstract 

The  article  describes  the  characteristics  of  original  sources  of  low-energy  (10-45  ke\  ).  high- 
current  (up  to  50  kA)  electron  beams  of  microsecond  duration,  designed  for  surface  thermal 
treatment  of  materials. 

Under  the  action  of  this  type  of  beam,  graded  structures  are  formed  that  may  impart 
improved  physicochemical  properties  and  strength  to  the  surface  layers.  This  permits  the  use 
of  these  beams  for  improving  the  strength  and  electrochemical  properties  of  pieces  and  tools 
and  for  increasing  the  electric  strength  of  vacuum  insulation.  Some  technological  operations, 
such  as  deposition  and  removal  of  coatings  and  surface  alloying  can  be  realized  in  the  intense 
evaporation  mode. 

Key  words:  pulsed  electron  beams;  surface  treatment  of  materials. 

1  Introduction 

Under  the  action  of  concentrated  energy  flows  (intense  pulsed  laser,  electron,  and  ion  beams 
and  pulsed  plasma  flows)  on  a  material,  there  occur  superfast  heating,  melting,  evaporation, 
and  superfast  solidification  of  the  material  and  dynamic  temperature  and  stress  fields  are 
formed.  These  processes  produce  new  structure-phase  states  in  the  surface  layers  that  are 
able  to  provide  improved  physicochemical  and  strength  properties  of  the  material,  unattain¬ 
able  with  ordinary  surface  treatment  techniques. 

In  recent  years,  low-energy  high-current  electron  beams  (LEHCEBs)  have  extensively 
be  used  as  concentrated  energy  flows.  Below  we  describe  the  principles  of  generation  of 
LEHCEBs,  the  characteristics  of  the  LEHCEB  sources,  the  main  regularities  of  the  formation 
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of  the  beam-affected  zone,  and  some  examples  of  using  these  beams  for  surface  treatment  of 
metallic  materials  and  articles. 

2  LEHCEB  sources 

Conventionally.  LEHCEBs,  like  high-energv  beams,  have  been  produced  using  direct-action 
vacuum  diodes  with  explosive-emission  cathodes  [1-3].  The  beam  duration  in  these  diodes 
is  generally  ~  10“'  s.  The  electron  beams  generated  in  these  diodes  are  characterized 
by  the  presence  of  substantial  local  nonuniformities  in  the  current  density  distribution  [4]. 
LEHCEBs  of  duration  ~  10-6  s  allow  one  to  improve  substantially  the  uniformity  of  the 
beam-cross-section  energy  density  distribution  and  reduce  abruptly  the  mechanical  stresses 
generated  in  the  material  on  irradiation.  The  beam  duration  can  be  increased  and  the  beam 
homogeneity  can  be  improved  by  using  plasma-filled  diodes  [5-7]. 

The  principle  of  generation  of  LEHCEBs  in  plasma-filled  systems  is  illustrated  in  Fig.  1. 
The  explosive-emission  cathode  is  made  of  graphite.  The  anode  is  made  of  stainless  steel 
and  has  a  hole  in  its  center  to  pass  the  beam.  Graphite-cathode  spark  plasma  sources  are 
placed  evenly  in  a  circle  behind  the  anode.  The  electron  beam  is  transported  in  the  anode 
plasma  to  the  collector.  To  prevent  the  beam  from  pinching,  an  external  magnetic  field  is 
used. 

The  electron  source  operates  as  follow:  As  the  magnetic  field  reaches  its  maximum,  the 
spark  sources  are  switched  on  and  the  anode  plasma  fills  the  acceleration  gap  and  the  beam 
drift  space.  After  2-3  fis  an  accelerating  voltage  produced  by  a  voltage  pulse  generator  is 
applied  to  the  cathode.  The  anode  plasma,  owing  to  its  good  conductivity,  acquires  the 
potential  of  the  anode,  and  the  effective  gap  spacing  in  the  diode  shortens  abruptly.  This 
results  in  the  initiation  of  explosive  electron  emission  at  the  cathode.  The  voltage  applied  to 
the  diode  is  localized  across  the  double  layer  between  the  cathode  and  anode  plasmas  where 
the  electron  beam  is  generated.  Since  the  acceleration  gap  spacing  is  a  few  centimeters,  the 
beam  duration  is  a  few  microseconds. 

The  experiments  have  shown  that  up  to  90%  of  the  diode  current  passes  through  the 
anode  hole.  The  beam  transportation  in  plasma  prevents  the  beam  from  degeneration  into 
an  tubular  beam  and  from  filamentation  (which  is  typical  of  vacuum  diodes)  and  permits 
the  distance  from  the  anode  to  the  surface  under  treatment  to  be  increased  to  15-20  cm. 

Table  1  gives  the  characteristics  of  the  electron  sources  we  have  developed.  The  compar- 
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ativelv  low  accelerating  voltage  ensure  the  X-ray  safety  of  the  technology  and  the  simplicity, 
reliability,  and  economy  of  the  electron  source.  The  sources  have  been  in  use  from  two  to 
six  years. 


3  Formation  of  the  beam-affected  zone 

The  principal  factors  that  determine  the  state  and  properties  of  the  beam-affected  zone  are 
the  nonstationary  temperature  fields  that  appear  in  the  surface  layers  as  a  result  of  the 
absorption  of  the  beam  energy  and  the  stress  fields  caused  by  the  nonuniform  heating  of  the 
material. 

Figures  2  and  3  present  the  results  of  calculations  for  iron  irradiated  in  the  characteristic 
melting  and  evaporation  modes.  From  the  calculations  it  follows  that  the  velocity  of  the 
crystallization  front  sharply  increases  near  the  very  surface  reaching  8  m/s  in  the  melting 
mode.  The  cooling  rate  reaches  its  maximum  (~  3  x  109  K/s)  at  the  surface  immediately 
after  the  passage  of  the  crystallization  front.  The  thickness  of  the  heat-affected  zone  (HAZ) 
where  the  maximum  temperature  exceeds  the  recrystallization  temperature  increases  from 

to  ~20  ^m,  in  going  from  the  melting  to  evaporation  mode. 

An  analysis  of  the  data  available  in  the  literature  [8]  suggests  that  in  iron  irradiated  by 
an  LEHCEB  in  the  initial  melting  mode  a  bipolar  stress  wave  is  formed  whose  amplitude  is 
far  below  the  dynamic  yield  limit  of  the  material,  o^11.  In  addition,  quasi-static  compressive 
stresses  act  in  the  HAZ,  whose  magnitude,  according  to  estimates  [9],  may  be  over  cr^21- 
After  the  termination  of  the  pulse  in  the  near-surface  layer  residual  tensile  stresses  are 
formed  whose  magnitude  is  40-80  MPa,  which  is  about  an  order  of  magnitude  lower  than 
that  of  the  compressive  stresses  acting  on  irradiation.  In  the  intense  evaporation  mode,  the 
stress  wave  amplitude,  according  to  estimates  [8],  is  close  to  the  yield  limit  of  the  material 
and  it  should  be  taken  into  account  in  analyzing  the  conditions  under  which  the  HAZ  is 
formed. 

Investigations  of  the  structure  and  properties  of  metals  and  alloys  irradiated  by  LEHCEBs 
have  made  it  possible  to  reveal  the  regularities  as  follows: 

1.  The  action  of  an  LEHCEB  results  in  the  formation  of  an  extended  (~  10”2  cm)  graded 
structure  showing  a  nonmonotonic  depth  variation  of  the  stress-strain  state  and  the  degree 
of  hardening  (Fig.  4)  [10].  This  effect  is  related  to  the  fragmentation  of  martensite  and 
the  formation  of  the  particles  of  cementite  under  the  action  of  low-amplitude  bipolar  stress 
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waves. 


2.  The  melt-quenched  layers  (<  10~3  cm)  show  reduced  etchability  in  acids  which  is 
related  to  the  fact  that  the  structure  formed  is  more  homogeneous  than  the  initial  one.  The 
most  pronounced  structure-phase  changes  occur  in  the  near-surface  layers  (Fig.  5)  [10].  which 
correlates  with  the  fact  that  the  cooling  rate  and  the  velocity  of  motion  of  the  crystallization 
front  reach  their  maxima  at  the  surface.  In  these  layers  secondary  phases  (carbides  and 
intermetallides)  are  partially  or  completely  dissolved. 

4  Use  of  LEHCEBs  for  surface  treatment 

4.1  Improvement  of  tribotechnical  characteristics 

Tests  with  a  friction  pair  consisting  of  a  rotor  (steel,  HRC  55)  and  a  plate  (ball  bearing  steel. 
HRC  60)  in  the  presence  of  lubricant  have  shown  that  on  irradiation  the  wear  rate  of  the 
plates  decreased  by  a  factor  of  1.5  and  the  friction  moment  decreased  by  a  factor  of  1.7  [8]. 
L  nder  the  conditions  of  dry  friction,  the  wear  rate  of  irradiated  plates  almost  halved.  With 
that,  the  depth  of  the  friction  trace  was  ~25  /im,  which  corresponds  to  the  position  of  the 
first  maximum  of  microhardness  (Fig.  4).  This  points  to  the  fact  that  there  is  a  correlation 
between  wear  resistance  and  microhardness. 

4.2  Increasing  the  life  of  steel  tools 

For  optimal  modes  of  hardening  of  tool  steels  the  thickness  of  the  molten  layer  is  not  over 
^■T  /mi.  Therefore,  the  irradiation  might  be  the  finishing  technological  operation.  Tests 
have  demonstrated  that  the  irradiation  allows  a  2-3-fold  increase  in  the  life  of  drills,  cutters, 
punches,  mandrels,  and  other  tools. 

4.3  Treatment  of  hard-alloy  cutting  tools 

It  has  been  established  [11]  that  the  irradiation  of  cutting  plates  made  of  hard  alloys  of  type 
BK8  (WC-8%Co)  and  type  T5K10  (WC-5%TiC-10%Co)  increases  the  tool  life  by  a  factor 
of  two  to  five  (Fig.  6).  The  increase  in  tool  life  correlates  with  the  increase  (by  15-20%)  in 
microhardness  at  the  surface,  which  is  related  to  the  additional  dissolution  of  the  carbides 
in  the  cobalt  binder. 
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4.4  Treatment  of  titanium  alloys 

The  irradiation  of  titanium  alloys  in  the  initial  melting  mode  not  only  makes  the  surface  much 
smoother  but  also  cleans  it  from  oxygen  and  carbon  impurities  and  improves  the  uniformity 
of  the  element  distribution  in  thickness  in  the  surface  layer.  Subsequent  annealing  recovers 
the  phase  composition,  increases  the  microhardness,  and  raises  the  fatigue  strength  of  the 
parts  by  about  an  order  of  magnitude.  The  latter,  as  is  evidenced  by  fractography.  is  due  to 
the  fact  that  the  surface  destruction  mechanism  changes  to  the  subsurface  one  [12]. 

4.5  Smoothing  of  heat-resistant  protective  coatings 

Heat-resistant  protective  coatings  based  on  Ni  (e.g.,  Ni-Cr-Al-Y)  have  a  rather  rough  sur¬ 
face.  Experiments  have  shown  [13]  that  melting  of  a  thin  surface  layer  of  such  a  coating 
allows  an  increase  in  heat  resistance  (by  25%  at  1050  °C)  due  to  the  sharp  reduction  of  the 
surface  roughness. 


4.6  Removal  of  heat-resistant  protective  coatings 

The  existing  technology  for  removing  worked-out  coatings  is  characterized  by  a  high  labori¬ 
ousness  and  harmful  working  conditions.  To  eliminate  these  disadvantages,  LEHCEBs  can 
be  used.  Experiments  have  shown  that  a  beam  of  energy  density  >20  J/cm2  can  efficiently 
(1-2  /zm  per  pulse)  remove  this  type  of  coating,  changing  the  substrate  structure  only  slightly 
[13]. 

4.7  Production  of  highly  concentrated  surface  alloys 

W  ith  beam  energy  densities  of  over  10  J/cm2,  there  is  an  opportunity  of  the  production  of 
surface  alloys  by  pulsed  deposition  of  coatings  and  remelting  of  the  surface  layer.  The  results 
of  this  “micrometallurgical”  process  are  presented  in  Fig.  7. 

Similar  results  have  been  obtained  for  the  systems  Al-Fe,  Ti-Fe,  W-Fe,  Ti-Cu,  Al-Ti, 
and  the  like.  The  thickness  of  the  layers  produced  is  an  order  of  magnitude  greater  than 
that  attained  by  ion  implantation. 
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4.8  Enhancement  of  the  corrosion  resistance  of  stainless  steel 


Cyclic  treatment  of  type  12X1SH10T  steel  (steel  302  being  US  analog)  in  the  mode  of  weak 
evaporation  of  the  surface  layer  efficiently  cleans  the  surface  from  undesirable  impurities 
and  results  in  the  formation  of  a  fast-quenched  structure  with  a  smoothed  microrelief.  The 
increased  degree  of  chemical  homogeneity  of  the  surface  leads  to  a  shift  of  the  stationary 
potential  to  the  positive  region  and  to  a  significant  decrease  in  dissolving  current  [14]. 

4.9  Enhancement  of  the  electric  strength  of  vacuum  insulation 

It  has  been  established  [15]  that  the  irradiation  of  electrodes  efficiently  smoothes  the  work¬ 
ing  surface  due  to  its  melting  and  cleans  the  near-surface  layers  from  impurities  and  dis¬ 
solved  gases.  This  treatment  followed  by  conditioning  of  the  vacuum  gap  with  low-current 
pulsed  discharges  reduces  substantially  the  prebreakdown  currents  and  enhances  the  electric 
strength  of  the  vacuum  insulation  (Fig.  8).  The  best  effect  has  been  achieved  for  stainless- 
steel  electrodes. 


5  Summary 

The  principle  of  operation  and  characteristics  of  the  sources  of  wide  LEHCEBs  based  on  an 
electron  gun  with  an  explosive-emission  cathode  and  a  plasma  anode  are  described.  It  has 
been  shown  that  the  use  of  these  sources  makes  it  possible  to  develop  new  efficient  techniques 
for  surface  treatment  of  materials. 
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Table  1.  Parameters  of  LEHCEB  sources. 


Figure  1.  Production  of  low-energy  intense  electron  beams  in  a  plasma- filled  diode:  1  - 
explosive-emission  cathode;  2  -  anode  unit  with  spark  plasma  sources;  3  -  collector:  4 
vacuum  chamber;  5  -  solenoid;  6  -cathode  plasma;  7  -anode  plasma. 

Figure  2.  Time  dependence  of  the  surface  temperature  for  iron  irradiated  in  the  mode  of 
melting  (r  =  0.8/zs,  Es  =3.2  J/cm2)  (1)  and  evaporation  (r  =  2.5/is,  Es  =25  J/cm2)  (2). 

Figure  3.  Variation  of  the  position  of  the  melt-solid  boundary  for  iron  irradiated  in  the 
melting  mode  (r  =  O.fyzs,  Es  =3.2  J/cm2)  (I):  the  same  (2)  and  the  variation  of  the  surface 
coordinate  (3)  for  iron  irradiated  in  the  evaporation  mode  (r  =  2.5/is,  Es  =25  J/cm2). 

Figure  4.  In-depth  distribution  of  microhardness  for  a  pre-quenched  steel  45  (0.45%  C) 
specimen  irradiated  by  an  LEHCEB  with  r  =  0.7  //s,  Es  =  2.5  J/cm2;  number  of  pulses 
A’  =  1  (I).  N  =  300  (2). 

Figure  5.  Structure  of  the  heat-affected  zone  in  pre-quenched  steel  45  treated  with  an 
LEHCEB  (r  =  0.7  fis:  Es  =  2.5  J/cm2). 

Figure  6.  Width  of  wear  area  on  the  rear  surface  of  a  cutter  made  of  T5K10  alloy  as  a 
function  of  cutting  length  before  ( 1 )  and  after  (2-4)  irradiation  with  different  values  of  Es . 
The  material  under  treatment  was  a  steel  40X  (0.4%  C,  1%  Cr).  Conditions  of  cutting: 
5  =  0.14  mm/rev,  d  =  1.5  mm;  V  =  300  m/min. 

Figure  7.  Concentration  profiles  of  the  elements  in  the  surface  Cu-Fe  alloy  formed  with  the 
use  of  an  LEHCEB  on  a  Fe  substrate. 

Figure  8.  Conditioning  curves  (250  kV,  40  ns)  for  vacuum  gaps  with  stainless-steel  unirra¬ 
diated  (J)  and  preliminary  LEHCEB-irradiated  (2)  electrodes. 


Table  1: 


Source  parameters 

Type  1 

Type  2 

Type  3 

Electron  energy,  keV 

10-30 

10-30 

20-45 

Beam  current,  kA 

up  to  2 

up  to  15 

up  to  50 

Pulse  duration  r,  fis 

1.5-1. 2 

1-5 

2-4 

Beam  energy  density  Es,  J/cm2 

0.5-6 

1-10 

2-40 

Beam  cross-section  area,  cm2 

up  to  3 

up  to  30 

up  to  50 

Pulse  repetition  rate,  Hz 

up  to  0.2 

up  to  0.2 

up  to  0.2 

Operating  vacuum,  Torr 

lO-MO"5 

10-4-10"5 

10"4-10-5 

Input  power,  kW 

1 

3 

5 

depth  0.1  j/m  709 
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The  aim  of  the  work  is  the  synthesis  of  the  diamond-like  coatings  in  a  barrier  and  surface 
discharges  at  the  atmospheric  pressure  and  the  investigation  of  their  properties.  The  best 
characteristics  had  the  coatings  obtained  from  methane  (the  ratio  of  hydrogen  atoms  to  carbon 
ones  is  H/C= 1.04,  the  share  of  the  diamond-like  and  graphite-like  C-C  bonds  sp3:sp2  =  100%: 
0°b)  and  from  the  acetylene  and  hydrogen  mixture  (1:19)  (H/C  =  0.73,  sp3:sp"  -  68%:  32%)  in 
barncr  discharge,  as  well  as  the  from  methane  in  surface  discharge  (H/C=0.98,  sp3:sp2  =  86%: 
14%).  By  their  chemical  and  phase  composition  these  coatings  are  close  to  the  diamond-like 
hydrigenated  (a-C:H)  films  obtained  by  traditional  methods  of  plasma  assisted  chemical  vapor 
deposition  at  low  pressure  (<10  Torr).  At  the  same  time  proposed  methods  for  fast  deposition 
of  a-C:H  films  make  this  process  less  expensive  compared  to  the  conventional  techniques, 
which  gives  promise  that  the  field  of  application  of  these  films  can  be  widen  substantially. 


INTRODUCTION. 

A  rather  rich  variety  of  techniques  for  vacuum  plasma  deposition  of  diamond-like 
amorphous  hydrogenated  carbon  (a-C:H)  films  are  now  available.  However,  these  techniques 
are  limited  in  use  because  of  their  low  productivity  and  high  cost.  In  view  of  this,  the  attempts 
to  produce  a-C:H  films  with  the  use  of  electric  discharges  at  atmospheric  pressure,  in  particular, 
with  the  use  of  barrier  [1]  and  surface  discharges,  seem  to  be  worth-while.  Besides,  the 
simplicity  of  these  types  of  discharges  those  can  be  realized  without  complicated  vacuum 
equipment,  they  are  attractive  because  they  allow  fast  deposition  of  a-C:H  films  on  large-area 
low-melting-point  substrates.  However,  no  data  are  now  available  on  the  structure  and 
properties  of  carbon  coatings  deposited  with  the  use  of  the  plasma  of  such  atmospheric-pressure 
discharges  .  This  was  just  the  goal  of  the  work  under  discussion  to  obtain  this  information. 
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EXPERIMENTAL. 

Barrier-discharge  carbon  film  deposition  was  performed  in  a  reaction  chamber  (Fig.  1) 
that  consisted  of  two  plane-parallel  electrodes  (1  and  2),  with  a  dielectric  barrier  (a  1.5-mm 
thick  glass  plate)  (3)  placed  between  them,  and  a  vacuum-tight  gas  gap  (4)  of  thickness  about  1 
mm  through  which  the  reactive  gas  (CH<,  C2H2j  C2H2  +  H2,  C2H2  +  Ar)  was  pumped  with  the 
use  of  an  input-output  system  (5).  The  pressure  in  the  chamber  was  atmospheric.  When 
unipolar  voltage  pulses  of  duration  100-200  us  and  amplitude  of  17  kV  were  applied  to  the 
high-voltage  electrode  with  a  pulse  repetition  rate  of  1  kHz,  a  barrier  discharge  was  initiated  in 
the  gas  gap.  With  that,  the  reactive  gas  whose  flow  rate  was  3-4  Vh  was  dissociated  and  carbon 
films  from  the  radicals  formed  were  deposited  on  the  dielectric  bamer  and  on  the  grounded 
electrode.  The  reaction  chamber  designed  for  the  deposition  of  a-C:H  films  in  a  surface 
discharge  is  shown  schematically  in  Fig.  2.  The  discharge  was  initiated  with  the  use  of  the  same 
high-voltage  pulse  generator  operating  in  the  bipolar-pulse  mode.  Films  were  deposited  on 
glass  and  mylar  substrates.  Methane  was  used  as  a  reactive  gas. 

A  quantitative  analysis  of  the  chemical  and  phase  composition  of  the  coatings  produced 
was  earned  out  with  the  use  of  absorption  ER  spectroscopy  by  a  method  similar  to  that 
described  in  [2].  To  examine  the  structure  of  the  coatings,  transmission  electron  microscopy 
and  electron  diffraction  analysis  were  used. 
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RESULTS  AND  DISCUSSION. 

With  methane  used  as  a  reactive  gas.  the  growth  rate  of  the  film  in  barrier  discharge  was 
about  2  ttm/h.  The  coating  density  measured  by  the  immersion  method  after  detachment  of  the 
coating  from  the  substrate  was  1.3  g/cm3.  Transmission  electron  microscopy  examination  of  the 
films  has  shown  that  they  are  amorphous  in  structure.  The  diffraction  pattern  taken  from  a 
section  of  such  a  coating  consists  of  two  diffuse  rings  whose  centers  correspond  to  interplane 
distances  of  2.08  A  and  1.18  A.  It  has  been  shown  theoretically  and  experimentally  [3]  that 
such  a  pattern  is  typical  of  diamond-like  films  where  the  regions  of  coherent  electron  scattering 
are  no  more  than  5-10  A  in  size.  An  examination  of  the  IR  spectrogram  (Fig.  3)  shows  that 
this  coating  contains  a  significant  content  of  hydrogen  (H/C  =  1.04).  with  diamond-like  C-C 
bounds  consisting  100%.  The  microhardness  of  the  film  is  about  2000  kg/mm2  ,  that  confirms 
diamond-like  nature  of  this  a-C:H  coating. 

The  dependence  of  the  absorption  coefficient  for  a  coating  produced  from  acetylene  on 
the  wave  number  (Fig.  4)  differs  from  the  corresponding  dependence  for  the  coating  produced 
from  methane  (see  Fig.  3)  by  the  presence  of  graphite  with  the  absorption  bands  near  3020  and 
3070  cm-1)  and  carbine  (3300  cm-1)  phases  (H/C  =  0.66,  sp2  :  sp 2  :  sp  =  34%  :  55%  :  11%). 
Even  high  dilution  of  acetylene  with  argon  (7%  C2H2  +  93%  Ar)  caused  no  favorable  change  in 
the  film  structure  (H/C  =  1.30,  sp3  :  sp 2  :  sp  =  39%  :  54%  :  7%)  (see  Fig.  4).  Dilution  of 
acetylene  with  hydrogen  also  did  not  result  in  any  change  until  5%  C2H2  +  95%  H2.  Figure  5 
gives  the  absorption  coefficient  as  a  function  of  the  wave  number  for  a  coating  produced  from 
this  mixture  in  a  barrier  discharge.  As  distinct  from  the  two  above  specimens,  the  carbine  phase 
was  not  indicated  and  the  content  of  graphite -like  carbon  decreased  substantially  (H/C  =  0.73, 
sp2  :  sp'  :  sp  =  68%  :  42%  :  0%).  On  further  dilution  of  acetylene  with  hydrogen  (2.5%  C2H2 

-  97 .5%  H2),  hand  in  hand  with  an  increase  in  the  fraction  of  diamond-like  bonds  (sp2 :  sp 1  :  sp 

-  89%  :  11%:  0%)  is  an  increase  in  the  atomic  ratio  H'C  in  the  film  to  1.45  (see  Fig.  5),  and 
thus  the  coating  becomes  polymer-like. 

At  the  same  time,  it  has  appeared  that  the  a-C:H  films  grown  in  a  barrier  discharge  have 
a  significant  quantity-  of  defects  which  is  related  to  the  physical  nature  of  the  barrier  discharge 
consisting  of  a  number  of  microdischarges.  Therefore,  it  was  of  interest  to  find  a  type  of 
discharge  free  from  the  disadvantages  inherent  in  the  barrier  discharge.  In  our  opinion,  the 
surface  discharge  over  a  dielectric  holds  promise.  Having  the  same,  attractive  from  the 
viewpoint  of  technological  use,  properties  as  the  barrier  discharge,  the  surface  discharge  also 
has  some  advantages  over  the  latter,  namely: 
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-  the  more  efficient  spatial  distribution  of  the  energy  delivered  to  the  discharge; 

-  the  absence  of  microdischarges  and,  hence,  an  almost  total  absence  of  microdefects  in 
the  coating; 

-  the  more  efficient  transport  of  film-forming  particles  toward  the  substrate,  and 

-  the  wider  selection  of  means  for  controling  the  discharge  parameters  and,  hence,  the 
properties  of  the  coating  produced. 

The  growth  rate  of  the  films  deposited  from  methane  in  surface  discharge  was  60- 120 
jim/h  and  their  density'  was  1.2-1 .3  g  em3.  Examination  of  a  typical  IR  spectrogram  (Fig.  6) 
shows  that  H/C  =  0.98  and  the  percentage  of  the  diamond  bonds  is  86%.  The  microhardness 
of  the  given  coating  measured  at  a  load  of  20  g  is  2000  kg/mm2.  Owing  to  the  small  content  of 
defects  and  the  amorphous  nature  of  the  film  produced  in  a  surface  discharge,  this  film  shows 
high  transmittance  in  the  IR  (up  to  98%)  and  visible  ranges.  The  adhesion  of  the  a-C:H  film  to 
mylar  and  other  polymers  was  satisfactory'. 

The  profitableness  of  the  use  of  diamond-like  films  is  determined  to  a  large  measure  by- 
the  cost,  productivity,  and  consumed  power  of  the  technological  equipment. 

To  estimate  the  power  demand  for  the  production  of  a-C:H  films,  we  can  use  the 
quantity'  P  that  characterizes  the  power  demand  (kW*h)  for  the  production  of  a  a-C:H  film  of 
thickness  1  um  over  an  area  of  1  mf  Calculations  have  shown  that  tor  the  films  deposited  in  a 
surface  discharge  we  have  P  =  0.5-1  kW-h/(m2*um).  For  the  films  deposited  in  the  plasma  of  a 
low-pressure  microwave  discharge  [4],  P  =  0.5-1  kW-h/(m2  um)  was  obtained  taking  into 
account  only'  the  microwave  power.  However,  with  the  efficiency  of  the  microwave  generator 
and  the  power  consumed  by;  the  vacuum  pumps  taken  into  account,  the  value  of  P  will  be 
increased  3-5  times.  The  efficiency  of  the  system  with  a  surface  discharge  may  reach  70-80%, 
that  is  the  total  consumed  power  will  be  severalfold  lower  than  for  the  microwave  system. 
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CONCLUSIONS. 

Thus,  the  coatings  produced  from  methane  (H/C=T.04,  sp3  =100%  jand  from  an 
acetylene-hydrogen  mixture  (1  :  19)  in  barrier  discharge  (H/C=0.73,  sp3:  sp2=  68%:  32%)  as 
weU  as  from  the  methane  in  surface  discharge  (H/C=0.98,  sp3:sp2  =  86°/o:14%)  had  the  best 
characteristics.  These  coatings  are  similar  in  chemical  and  phase  composition  to  amorphous 
diamond-like  hydrogenized  (a  -  C:  H)  films  (H/C  <  1,  sp}  :  sp 2  >  2)  produced  at  low  pressure 
by  the  conventional  plasma-assisted  chemical  gas-phase  deposition  techniques.  Investigation  of 
the  structure  of  the  coatings  produced  with  the  use  of  electron  diffraction  has  confirmed  this 
observation. 

The  equipment  for  a-C:H  film  deposition  in  the  barrier  and  surface  discharges  is  much 
simpler  and  cheaper  than  the  vacuum  systems  with  various  types  of  plasma  generator 
conventionally  used  for  this  puipose.  The  specific  nature  of  these  discharges  makes  it  possible 
to  deposit  a-C:H  films  on  plane  dielectric  substrates  of  any  area,  roll  polymer  materials  (mylar, 
polyethylene)  included.  Thus,  the  proposed  methods  for  fast  deposition  of  a-C:H  films  make 
the  process  of  film  production  less  expensive  compared  to  the  conventional  techniques,  which 
gives  promise  that  the  field  of  application  of  these  films  can  be  widen  substantially. 
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FIGURE  CAPTIONS. 


Fig.  1.  Schematic  of  the  reaction  chamber  for  a  film  deposition  in  barrier  discharge:  1,2- 
electrodes,  3-  dielectric  barrier  (substrate),  4-  gas  gap,  5-  gas  inlet  and  outlet. 

Fig.  2.  Schematic  of  the  reaction  chamber  for  a  film  deposition  in  surface  discharge:  1,2- 
electrodes,  3-  dielectric  plate,  4-  gas  inlet  and  outlet. 

Fig.  3.  IR  absorption  from  CH  stretch  vibration  for  the  coating  deposited  in  barrier 
discharge  from  Cli,  and  its  decomposition  into  subbands. 

Fig.  4.  IR  absorption  from  CH  stretch  vibration  for  the  coatings  deposited  in  barrier 
discharge  from:  1-  C2H2 , 2-  7%  C2H2  +  93%  Ar. 

Fig.  5.  IR  absorption  from  CH  stretch  vibration  for  the  coatings  deposited  in  banier 
discharge  from:  1-  5%C2H2  ~  95%  H2 ,  2-  2.5%  C2H2  +  97.5  %  H2 . 


Fig.  6.  IR  absorption  from  CH  stretch  vibration  for  the  coating  deposited  from  CEL,  in 
surface  discharge  and  its  decomposition  into  subbands. 
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Summary 

A  new  method  of  the  formation  of  thin  metallic  coatings  on  steel  substrates  is  demonstrated. 
The  method  is  based  on  the  use  of  high  intensity  plasma  pulses.  Depending  on  the  choice  of 
the  operation  conditions  of  the  plasma  pulse  generator,  it  is  possible  to  form  the  pulses 
containing  either  both,  nitrogen  and  metal  plasma  or  pure  metallic  plasma.  In  the  present 
experiments  plasma  pulses  of  Ti,  Co,  and  W,  are  used.  The  feasibility  of  a  two-step  process  is 
shown.  In  the  first  step  there  is  a  mixing  of  deposit-substrate  components  induced  by  melting 
and  mutual  diffusion  process  occurs.  In  the  second  one,  there  is  a  deposition  of  the  metal 
coating  of  practically  unlimited  thickness  on  the  intermediate  mixed  layer. 


1.  Introduction 


One  of  the  approaches  to  modification  of  the  surface  properties  of  materials  relies  on 
the  use  of  the  high  intensity  pulsed  ion  or  plasma  beams.  The  first  experiments  on  the 
application  of  such  beams  were  performed  by  Cornell  University  group  [1]  .  They  successfully 
used  280  keV  proton  beams  with  current  density  of  order  of  100A/cm2  for  post  implantation 
annealing  of  silicon  wafers.  The  proton  beams  were  generated  in  magnetically  insulated  high 
voltage  diodes.  This  kind  of  generators  was  also  used  for  modification  of  metallic  materials  in 
series  of  experiments  reported  by  Tomsk  group  [2]  and  recently  by  Wurzburg  group  [3]  in 
mixing  experiments  of  the  overlayer-substrate  systems.  In  the  experiments  cited  above,  the 
modification  was  achieved  mainly  via  thermal  effects  since  the  dose  of  ions  delivered  to  the 
substrate  in  a  single  pulse  was  too  small  to  alter  its  macroscopic  properties  by  doping  effects,  or 
by  formation  of  new  compounds. 

An  alternative  approach  to  the  surface  modification  is  to  make  use  of  the  thermal 
effects  combined  with  mass  deposition.  The  first  experiments  of  this  kind  were  successfully 
demonstrated  by  Swierk-Warsaw  group  [4]  using  the  rod  plasma  injector  (  IONOTRON  ) 
type  facility.  The  high  intensity  pulsed  plasma  streams,  generated  in  these  machines  can  melt 
the  near-surface  layers  (of  the  order  of  1pm)  of  practically  any  kind  of  solid  and  then  dope  it 
with  plasma  brought  atoms  .  The  doping  occurs  mainly  via  fast  diffusion  of  these  atoms  in  the 
melted  near-surface  layer.  Such  technique  can  be  used  for  doping  semiconductors  (p-n,  n-p 
silicon  junctions  formation),  introducing  the  high  doses  of  nitrogen  into  steels  etc.  [5,6],  In 
majority  of  our  experiments  carried  out  thus  far,  the  plasma  pulses  were  formed  mainly  from 
the  working  gas  injected  into  the  interelectrode  space.  The  present  work  was  aimed  at  the 


extension  of  the  possibilities  of  this  technique  by  providing  the  IONOTRON  generator  with  a 
separate  metallic  pulsed  plasma  source  based  on  the  metal  vapour  vacuum  arc.  The 
appropriate  synchronisation  between  the  discharge  ignition  and  the  metallic  source  action 
makes  it  possible  to  accomplish  the  process  in  which  the  stream  of  metallic  plasma  impinges  on 
the  melted  surface  of  the  processed  material.  Cobalt,  titanium  and  tungsten  plasma  pulses  were 
used  for  mixing  and  formation  of  metallic  coatings  on  the  AISI321  stainless  steel  substrates. 
The  coatings  were  characterised  by:  Glow  Discharge  Spectroscopy  (GDS),  Auger  Electron 
Spectroscopy  (AES),  roughness  measurements  and  Scanning  Electron  Microscopy  (SEM) 
observations. 

2.  Experimental 
2.1.  Apparatus 

Details  of  the  IONOTRON  operation  appeared  elsewhere  [5]  and  will  not  be  repeated 
here.  Briefly,  the  ions  are  produced  by  a  low  pressure,  high  current  electric  discharge  initiated 
between  two  concentric  cylindrical  sets  of  rods  allowing  a  free  passage  of  particles  through 
them.  A  fast  valve  injects  the  working  gas  (  nitrogen)  into  the  interelectrode  space  and  after  a 
delay  time  At  required  for  the  gas  cloud  to  achieve  the  appropriate  density,  the  energy  from  the 
capacitive  storage  bank  is  applied.  Depending  on  the  delay  time  At  various  operating  modes 
are  possible.  [7], 

In  the  period  between  1970  and  1980,  a  number  of  experimental  devices  devoted  for 
thermonuclear  study  purposes  were  constructed  and  examined  at  the  Soltan  Institute  of 
Nuclear  Studies.  Next,  some  of  these  facilities  have  been  adapted  for  materials  research. 


The  key  concept  of  the  present  work  was  to  equip  the  IONOTRON  with  the 
additional,  metallic  plasma  source  making  it  possible  to  form  metal-nitrogen  plasma  pulses. 

'  For  this  purposes  we  designed  the  high  current  pulsed  metallic  plasma  source  based  on  the 
metal  vapour  vacuum  arc.  It  is  well  known  that  in  this  kind  of  source  the  erosion  factor 
amounts  to  about  10-7  kg  per  coulomb.  Our  estimates  have  shown  that  to  form  metallic  films 
of  several  tens  nanometer  thickness  during  the  pulse  of  100  microseconds  length  at  the  distance 
of  50  cm  from  the  source,  the  magnitude  of  arc  current  must  reach  the  level  of  several  kA. 
This  imposes  special  requirements  on  the  mechanical  construction  of  the  source  and  current 
supply  system.  In  this  work,  cylindrically  symmetric  configuration  of  the  metallic  plasma 
source  with  20mm  and  36mm  diameter  electrodes  was  used.  The  main  ceramic  insulator  of 
the  electrode  set  was  shielded  to  prevent  the  condensation  of  metallic  vapours  on  its  surface. 
The  arc  was  initiated  by  the  1 5kV  trigger  pulse  applied  between  a  tubular  trigger  electrode, 
and  the  cathode.  The  arc  current  was  supplied  from  trigatron  switched  high  current  generator 
(  25kV/48(.iF  )  via  50kV  separating  transformer.  The  arc  current  reached  120kA  and  the 
pulse  width  was  lOOjas.  The  scheme  of  the  electrical  circuit  and  plasma  source  is  shown  in 
Fig.  1  This  source  was  installed  inside  the  ring  type  fast  valve  injecting  the  working  gas 
placed  in  the  central  part  of  the  electrode  system  of  IONOTRON  type  device.  The  discharge 
in  the  working  gas,  i.e.  nitrogen  was  initiated  after  some  electronically  controlled  delay  time 
Ax  elapsing  from  the  moment  of  the  ignition  of  the  metallic  source.  The  device  was  operating 
under  the  following  conditions: 

-  diameters  of  outer  and  inner  electrodes  were  350  and  310  mm  respectively, 

-  supply  energy  -  100  kJ 

-  discharge  current  on  the  level  of  1  MA, 

-  energy  density  in  the  plasma  stream  at  the  distance  of  60  cm  from  the  end  of  electrodes  was 


in  the  range  2-1  OJ/cm2, 

-  delay  time  was  in  the  range  from  0  to  150  ps. 

The  schematic  view  of  the  whole  system  is  shown  in  Fig.  2. 

2.2 .  Coatings  deposition 

In  our  previous  experiments  on  the  titanium  coatings  [8]  it  was  found  that  as  regards 
the  delay  time  Ax,  three  typical  situations  can  be  distinguish.  When  Ax  <  50  ps,  the  nitrogen 
ions  reach  the  substrate  first  and  melt  its  surface.  Since  the  time  of  flight  of  metallic  ions  is 
about  50-70ps,  they  reach  the  surface  when  it  is  already  solidified.  In  other  extreme,  i.e.  when 
Ax  >  100  ps,  the  metallic  ions  reach  the  surface  before  the  nitrogen  ions.  However,  the 
oncoming  N  ions  can  not  melt  the  surface  since  it  is  shielded  by  a  cloud  of  the  metallic  ions. 
The  intermediate  case,  50-70  ps  appeared  to  be  the  most  effective  in  melting  and  mixing  the 
deposit-  substrate  components.  Assuming  that  the  same  is  true  for  Co  and  W,  the  majority  of 
experiments  were  carried  out  at  Ax  =  75pm.  The  substrates  were  cut  of  AISI  321  stainless 
steel  in  the  form  of  discs  of  50  mm  in  diameter  and  1mm  thick,  and  with  the  surface  roughness 
of  Ra=  0.2  pm.  They  were  positioned  at  the  distance  of  50  cm  from  the  end  of  the  electrodes 
in  the  holder  equipped  with  four  miniature  calorimeters,  measuring  the  total  energy  density 
E  in  the  single  pulse.  E  was  kept  at  a  level  of  3.5  to  5  J/cm2.  Inhomogenity  of  E  over  the  area 
of  25  cm2  did  not  exceed  30%.  As  a  rule,  each  sample  was  irradiated  with  5  pulses  in 
optimum  mixing  conditions.  Some  of  them  were  additionally  subjected  to  the  deposition  of 
pure  metallic  plasma  pulses  (10)  without  heating  by  nitrogen  ions. 


3.  Results  and  discussion. 


The  surfaces  of  all  samples  exhibit  the  granular  morphology,  characteristic  for  arc  - 
based  deposition  techniques.  This  is  illustrated  by  SEM  micrograph  shown  in  Fig.3 
presenting  the  cobalt  coating  in  which  mixing  with  5  pulses  was  followed  by  the  additional 
deposition  of  pure  cobalt  plasma  pulses.  The  mean  roughness,  expressed  by  Ra  was  ranging 
from  about  0.2  \xm  to  0.6  pm  depending  on  the  energy  density  in  the  pulse,  i.e.  higher  E 
causes  greater  roughening  the  surface. 

Figs  4a  -  4c  show  the  in-depth  profiles  of  Ti,  Co,  and  W  in  AISI  321  s/s,  obtained 

/ 

using  GDS  method.  Inspection  of  these  profiles  reveals  the  following  facts:  First,  it  is  clear  that 
mixing  of  the  metallic  deposit  with  substrate  occurs.  Secondly,  the  mixing  efficiency  is 
different  for  different  elements.  Talcing  the  in-depth  location  of  the  triple  backgroud  value  of  a 
given  element  as  a  measure  of  its  penetration  efficiency,  we  estimate  that  for  Ti,  Co,  and  W, 
these  values  are  6,  0.8,  and  0.35  pm,  respectively.  This  is  obviously  associated  with  different 
diffusion  constants  for  various  elements  in  liquid  steel.  Thirdly,  one  observes  a  deep  nitrogen 
penetration,  extending  to  3  -  4  pm.  The  profiles  shown  in  Fig.5,  refer  to  the  structure  in  which 
after  mixing  the  additional  cobalt  layer  was  formed.  This  results  demonstates  a  feasibility  of 
forming  the  substrate/mixed  layer/deposit  structure  and  building  up  a  metallic  layer  of 
practically  unlimited  thickness.  It  is  interesting  to  note  that  nitrogen  present  initially  in  the 
mixed  layer  (see  Fig.  4b)  is  apparently  extracted  from  the  bulk  towards  the  surface. 

Another  interesting  conclusions  can  be  drawn  from  the  results  of  AES  analysis 
presented  in  Fig.  6.  They  show  the  spectrum  of  Co-plasma  treated  sample  after  removal  of 
about  5nm  thick  surface  layer  using  5  keV  argon  ions.  Apart  from  the  expected  presence  of  Co 
lines  at  654 , 718,  and  775  eV,  the  spectrum  reveals  the  presence  of  strong  C  (273  eV),  0  (514 
eV),  N  (384  eV),  Cr  (489  and  530  eV),  and  Fe  (598,  651  (merged  with  654eV  Co  line),  and 


705  eV)  lines,  weak  AT  line  (57  eV),  and  traces  of  S  (150  eV),  Cl  (183  eV)  and  Ar  (220  eV). 
Among  these  elements,  carbon,  oxygen,  aluminium  and  chlorine  are  detected  on  the  sample 
surface  prior  to  ion  etching  and  the  intensity  of  their  signals  decreases  with  depth.  Hence  they 
can  be  treated  as  surface  contamination.  However  the  carbon  and  oxygen  signals  maintain  a 
significant  value  even  at  a  greater  depth,  suggesting  that  they  constitute  also  the  components  of 
the  formed  layer.  On  the  other  hand,  the  aluminium  signal  markedly  decreases  with  depth  and 
its  behaviour  is  consistent  with  the  assumption  that  its  presence  originates  from  plasma-induced 
erosion  of  alumina  insulator  of  the  plasma  source.  The  nitrogen  signal  seems  to  be  stable  as  a 
function  of  depth  and  hence  nitrogen  should  also  be  treated  as  the  layer  component. 

Of  special  interest  is  the  behaviour  of  Cr  and  Fe  signals.  The  are  both  absent  at  the 
unetched  sample  surface  and  their  intensity  grows  with  depth,  in  marked  contrast  to  all  other 
elements  present  in  the  surface  layer.  Such  behaviour  is  fully  consistent  with  the  assumption 
that  their  presence  results  from  melting  the  substrate  material  (nickel-chromium  stainless  steel) 
and  rapid  diffusion  in  the  molten  Co  deposit  It  is  also  of  interest  that  nickel,  being  another 
substrate  component,  is  apparently  absent  in  the  surface  layer,  thus  suggesting  that  different 
substrate  components  diffuse  at  different  rates  in  Co  layer. 

Similar  results,  demonstrating  the  presence  of  substrate  components  in  the  near-surface 
region  of  plasma-deposited  layer  have  been  obtained  (although  to  smaller  extend)  for  Cr 
deposits  but  not  for  W  ones,  suggesting  that  the  diffusion  rate  of  substrate  constituents  depends 
also  on  the  deposit  material.  Concluding,  the  results  of  AES  analysis  provide  strong  evidence 
of  the  mechanism  of  mutual  mixing  in  the  substrate-deposit  system  using  pulsed  metallic 
plasma  beams. 
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Fig.  1  The  scheme  of  the  metallic  plasma  source. 

Fig.  2  Schematic  diagram  of  the  experimental  facility. 

Fig.  3  SEM  micrograph  of  the  surface  of  Co/steel  structure. 

Fig.4  GDS  elemental  profiles.  Sputter  rate  approx.  50  nm/s. 

a)  titanium/AISI  321  s/s  structure  ( 5  pulses ) 

b)  cobalt/AISI  321  s/s  structure  (  5  pulses  ) 

c)  tungsten/AISI  321  s/s  structure  ( 5  pulses ) 

Fig.  5  GDS  elemental  profile  of  the  structure  in  which  after  mixing  the  additional 
cobalt  layer  was  formed.  Sputter  rate  approx.  50  nm/s. 

Fig.  6  AES  spectrum  of  Co-plasma  treated  sample  after  removal  about  5  nm 
surface  layer. 
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Fig.  5.  Discharge  operating  voltage  Fd  and  floating 
probe  potential  V(  versus  pressure. 

absence  of  discharge  at  a  pressure  of  10'3  Pa,  bear  wit¬ 
ness  to  the  pulsed  character  of  this  emission.  The  most 
intense  emission  from  the  cathode  was  observed  at  the 
filament  current  zeros. 

When  the  filament  was  powered  by  a  dc  cur¬ 
rent,  no  modulation  of  the  discharge  current  was  ob¬ 
served.  For  this  case,  at  a  pressure  of  10';  Pa  when  the 
operation  of  a  non-sclf-sustaincd  arc  discharge  was 
hindered,  an  excess  of  the  floating  probe  potential 
magnitude  over  the  discharge  operating  voltage  and  a 
reduction  of  the  probe  potential  measured  with  respect 
to  the  cathode  potential  by  the  same  value  were  indi¬ 
cated. 

The  plasma  parameters  were  measured  with  a 
Langmuir  probe  biased  with  respect  to  both^thc  cath¬ 
ode  and  the  anode.  With  a  pressure  of  7x  10'*  Pa  and  a 
discharge  current  of  50  A  the  plasma  density  in  the 
center  of  the  working  chamber  was  —1010  cin  and  the 
plasma  potential  with  respect  to  the  cathode  was 
+63  V.  The  plasma  contained  two  groups  of  maxwcl- 
lized  electrons  with  the  temperature  k'l\  ~  4  and  10 
cV,  respectively.  The  measured  plasma  density  distri¬ 
bution  over  the  central  section  of  the  working  chamber 
at  a  diameter  of  500  mm  was  uniform  to  ±20%  of  the 
average  plasma  density. 

4.  DISCUSSION 


The  pulsed  character  of  the  current  of  a  low- 
pressure  arc  discharge  at  a  dc  supply  voltage  can  be 
attributed  to  the  magnetization  of  the  electrons  emitted 
by  a  hot  cathode  by  the  magnetic  field  created  by  the 
ac  filament  current.  The  magnitude  of  this  field  at  the 
filament  current  maxima  estimated  for  currents  of 
150-200  A  is  0.03-0.04  T.  The  same  magnetic  field 
under  similar  conditions  [3]  exerted  a  pronounced 
effect  of  the  distribution  of  the  primary  electron  den¬ 
sity  in  a  discharge  system  with  a  hot  cathode.  Since  a 


hot -cathode  arc  discharge  is  non-self-sustained,  a 
modulation  of  the  thermal  electron  emission  results  m 
a  modulation  of  the  discharge  current  to  the  point  of 
its  extinguishing  at  the  filament  current  maxima.  Willi 
that,  the  electron  emission  from  the  hot  cathode  be¬ 
comes  much  less  intense.  Additional  supporting  evi¬ 
dence  for  the  above  mechanism  is  the  burst  of  the  dis¬ 
charge  current  that  is  observed  once  the  filament  cur¬ 
rent  has  been  switched  off,  when  the  cathode  tempera¬ 
ture  still  remains  high  enough  to  sustain  the  thermal 
emission  and  there  is  no  magnetic  field.  When  Uie 
discharge  current  is  cut  ofT,  the  potential  distribution 
in  the  gap  is  disturbed  and  bursts  of  the  floating  probe 
potential  arc  delected.  This  can  be  caused  by  the  fact 
that  the  probe  is  charged  by  the  flows  of  high-energy 
unrelaxed  electrons  having  appeared  at  the  instants  the 
discharge  rearranged.  Since  abnormally  high  poten¬ 
tials  of  the  floating  probe  at  low  pressures  were  ob¬ 
served  as  well  with  a  dc  filament  current  (steady-state 
case),  it  aui  be  stated  that  the  high-energy  electron 
flows  generated  in  this  type  of  discharge  is  its  charac¬ 
teristic  property  exhibited  when  the  discharge  opera¬ 
tion  is  hindered.  The  abrupt  decrease  in  the  negative 
potential  of  the  probe  as  it  is  turned  by  £  30°  from  the 
diode  axis  testifies  to  the  fact  that  the  electron  flows 
arc  accelerated  in  the  working  chamber  from  the  cath¬ 
ode  region  toward  the  anode  plasma  region. 

5.  CONCLUSION 


The  study  wc  have  carried  out  has  revealed 
that  a  low-pressure  non-self-sustained  arc  discharge 
may  operate  in  modes  with  a  deeply  modulated  dis¬ 
charge  current,  such  that  high-energy  electron  flows 
are  generated  in  the  discharge.  It  has  been  shown  that 
the  modulation  of  the  arc  discharge  current  is  related 
to  the  bursts  in  filament  current.  The  modes  discov¬ 
ered  offer  promise  for  the  development  of  high-current 
gas-discharge  devices  with  a  completely  controllable 
discharge  current  and  of  efficient  repetitive  plasma 
generators  for  technological  purposes. 
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ION  IMPLANTATION 


ION  IMPLANTATION  is  a  process  of  irradiation 
of  material  surface  by  accelerated  ions. 

ION  IMPLANTATION  process  is  used  to  improve 
the  exploitation  properties  of  instruments 
operating  under  conditions  of  high  sliding, 
rolling,  corrosive  or  cavitation  wear. 

ION  IMPLANTATION  modifies  metals  and 
ceramics  structure  to  the  depth  of  IOC 
microns. 

imparts  durability,  wear  resistance  01 

surface  hardness 
increase  fatigue  life 
reduces  coefficient  of  friction 


ION  IMPLANTER  "DIANA” 

generates  multielement  ion  beams  (fror 
boron  to  uranium  in  any  composition) 
provides  the  depth  of  implantation  up  to 
0,1  micron,  under  the  acceleratinn 
voltage  20. .  .100  Kv 
has  removable  compositional  cathodes 


SPECIFICATION 

-  impulse  duration 

-  impulse  frequency 

-  ion  beam  cross-section  area 

-  rate  of  dosage  accumulation  of 
1017  cm'2  over  300  sq.cm 

ION  SOURCE  ’DIANA’  has  attached  accelerating  voltage  unit.  High  - 
voltage  protected. 

Compositional  cathodes  allow  to  vary  in  broad  range  the  surface 
properties. 


ION  SOURCE  ’DIANA’  IS  SIMPLE  AND  RELIABLE  IN  OPERATION. 


INDUSTRIAL  SITE  EQUIPMENT 

-  ION  IMPLANTER  ’’DIANA”  (  includes  ion  source  -  diametre  350  x  570  mm, 
control  and  electrofeeding  rack  -  500  x  500  x  1700  mm  ) 

e 

-  vacuum  chamber  with  limiting  vacuum  of  1  x  10  torr 

-  ultrasound  bath  with  generator 

-  table,  shelving,  drying  cabinet 

-  the  premises  are  equiped  with  forced  ventilation  and  supplied  with  hot 
and  cold  water. 
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ION  SOURCE  OF  "DIANA"  SERIFS 


The  ION  SOURCE  OF  "DIANA"  SERIES  is  desired  for  ion  implantation  on  special 
vacuum  equipment  used  for  industrial  ion  beam  treatment  of  tools  and  parts. 


Presented  to  the  XVH^ISDEIV,  July  21-26,  Berkeley,  USA 

06.04.96  20:31 


VACUUM  ARC  TECHNIQUE  TAMEK: 

BROAD  METAL  ION,  PLASMA  AND  ELECTRON  BEAMS  GENERATION 
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1.  ABSTRACT 

This  paper  presents  a  review  of  vacuum  arc 
facilities  to  be  as  injectors  for  metal  ion  accelerators. 
A  vacuum  arc  in  different  modes:  1).  Arc  current 
Iarc=2-50  A,  pulse  duration  tp=10  ps  to  20  ms; 
2).  Iarc=20-100  A,  tp=50-1000  ps;  3).  Iarc=100-2000 
A,  tp= 100-2000  ps;  4).  1^=10-100  kA,  tp=lr10  ps 
were  investigated  as  metal  ion  injectors.  The  metal 
flows  generated  by  cathode  spots  are  expanded  for 
diameters  of  10-50  cm,  and  then,  or  deposited  on  the 
grounded  target,  or  post  accelerated  between  grids  at 
Uaccei=l  0-120  kV.  On  the  basis  of  such  injectors  the 
series  of  TAMEK  sources  were  investigated  with 
metal  ion  current  from  I*>  0.01  A,  pulse  duration  up 
to  20  ms,  to  Ij<5  kA,  tp— 1-5  ps.  Any  from  following 
surface  (of  metals,  ceramics,  glass,  ect.)  treatment 
modes:  metal  ion  deposition,  high  intensive  metal 
ion  implantation,  ion  mixing,  ion  beam  assisted 
deposition,  high  power  metal  ion  beam  irradiation, 
or  electron  beam  irradiation  are  implemented  by 
TAMEK  sources.  These  results  are  also  presented. 

1.  INTRODUCTION 

Ion  beam  modification  of  metals,  composite 
materials,  ceramics,  glass,  polymers  is  used  to 
improve  surface  properties  such  as  wear,  corrosion 
and  friction  resistance,  hardness,  electrical 
conductivity,  wettability,  etc.,  [1]. 

In  1984  the  authors  of  Refs.  [2-8]  started  to 
develop  vacuum  arc  metal  ion  sources  for  surface 
modification  technologies.  Such  implanters 
generated  high-energy  (Ej<150  keV)  ions  of  a 
variety  of  metals  and  alloys  with  the  ion  beam  spot 
diameter  of  20  cm  and  the  rate  of  dose  accumulation 
on  the  grounded  target  Di/dt<1016  ion/cm2  per 
minute.  The  next  step  in  the  development  was  made 
by  designing  Technological  Accelerator  of  Metal  Ion 
and  Electron  Kit  (TAMEK  source)  which  was 
capable  of  generating  both  high-energy  metal  ion 
beams  and  low-energy  plasma  from  the  same 
cathode  material,  thus  providing  high-dose 
(intensive)  metal  ion  implantation  (HDI),  ion 
deposition,  ion  mixing  and  ion  beam  assisted 
deposition  (IBAD).  Unlike  other  IBAD  systems  we 
used  only  the  TAMEK  source  for  IBAD.  The 
vacuum  arc  injectors  were  also  used  in  TAMEK-M 


source  for  generation  of  high  power  metal  ion  beams 
(HPD3)  with  ion  current  of  Ij<5  kA,  tp=l-5  ps. 

2.  BROAD  METAL  BEAMS  GENERATION 

2.1.  Versatile  TAMEK  source 

TAMEK  is  a  vapour  vacuum  arc  source  of 
multiply  charged  ions  (from  Me+2  Up  to  Ta+^ 
W+6)  emitted  from  any  hard  cold  electroconductive 
cathodes  (fig.  1). 


Fig  1.  Scheme  of  the  TAMEK  source.  A-anode, 
C-replaceable  disk  cathodes,  IE-igniting  electrode. 
Cl-  ceramic  insulator,  EE-grid  extracting  electrode. 
Col-grounded  collector,  Iign  (10  kV,  20  ps),  Iarc  (60 
V,  50  A  at  300  ps  and  2000  A  at  1000  ps),  and 
Uaccel  (100  kV,  300  ps,  2  Ay  pulse  transformers, 
power  supply  of  which  is  shown  on  fig.  4. 

A  low  current  vacuum  arc  stability  is  one  from 
the  main  problems  to  be  decided  to  construct  vacuum 
arc  accelerators.  A  low  arc  current  mode  is  desired 
for  better  adjusting  of  anode  plasma  density  with 
Child-Langmuir  ion  current  density  limit  in  an 
accelerating  gap.  For  TAMEK  source  in  HDI  mode 
(with  ion  accelerating)  this  problem  was  decided  by 
means  of  determination  the  optimal  time  duration 
(tp=300  ps  for  Iarc<50  A),  and  also  by  using  arc 
discharge  configuration  with  better  cathode  sports 
moving  by  the  using  radial  arc  current  feedthrought 
for  outer  cathodes  (Fig.  1),  or  ferromagnetic 
insertion  inside  central  axial  cathodes.  But  at 


larc^O  A  a  vacuum  arc  became  unstable  for  tp>500 
ps  due  to  an  electron  thermalization  in  the  arc 
discharge  plasma. 

The  alternation  of  HDI  and  low-energy  ion 
deposition  (fig.  2a)  was  proposed  [5].  In  the  pulsed 
mode  (f<100  Hz)  both  ion  implantation  at  Ej<200 
keV,  Uacce^lOO  kV,  the  dose  accumulation  rate  on 
the  grounded  target  dDj/dt<10l6  ion/cm2/min,  and 
deposition  of  the  same  ions  at  Ej<100  eV,  coating 
growth  rate  dH/dt=50-200  nm/min,  are  implemented 
during  each  pulse. 

As  the  accelerating  voltage  polarity  is 
reversed,  the  source  generates  an  electron  beam  with 
Ee<100  keV,  Ie<5  A. 


Fig.  2.  Signals  of  TAMEK  source  operational 
modes,  a),  IB  AD  mode  with  HDI;  b),  IB  AD  mode 
with  HPIB.  Uaccel>  accelerating  voltage;  1^, 
vacuum  arc  discharge  current;  Ij,  ion  current. 
Dashed  lines  indicate  I*  and  Iarc  in  the  HDI  mode 
without  ion  deposition. 


Fig.  3.  TAMEK  source  picture.  High-voltage  power 
supplies  and  an  ion  gun  are  located  in  the  space  of 
70x40x25  cm3. 

Modular  design  of  the  TAMEK  source  (fig.  3) 
permits  us  to  install  it  on  a  vacuum  chamber.  The 
TAMEK  source  discussed  was  intended  to  be 
installed  on  the  industrial  units  which  were  operated 


in  the  vacuum  arc  PVD  mode  and  had  inlet  flanges 
of  25  cm  in  diameter.  Normally,  one  or  two  of  each 
three  PVD  sources  were  taken  off  from  the  PVD 
vacuum  unit,  and  TAMEK  sources  were  installed  on 
the  free  flanges.  So,  the  ion  spot  size  was  300  cm-  in 
this  case.  But,  it  is  easier  and  quicker  to  adapt  the 
TAMEK  sources  for  generation  of  ion  beams  with 
the  spot  size  of  2000  cm-.  For  this  purpose  it  is  only 
necessary  to  replace  the  conical  anode  and  the 
extracting  grids  by  new  ones  of  corresponding 
diameter,  as  the  plasma  and  ion  flows  from  the 
vacuum  arc  cathode  spots  are  expanded  forward  at 
angles  of  60-120  degrees  for  different  cathode 
materials.  In  our  case,  we  have  lengthened  the 
electrodes  to  obtain  the  diameter  of  50  cm. 

The  TAMEK  sources  can  efficiently  generate 
high-melting  metal  (e.g.,  W,  Ta)  ions  which  are 
hardly  available  with  other  types  of  sources.  To 
obtain  mixed  ion  beams  we  used  replaceable 
cathodes  made  from  alloys  and  composites  such  as 
TiB2,  TiC,  TiSiC,  TiMoSi,  SiC,  MoS,  CuMoSi, 
CuSiC,  A1BW,  NiCrAlY. 

2.2.  Low  current  millisecond  duration 
vacuum  arc  source 

Uee~  -500  V  EE  col 


Fig.  4.  Scheme  of  the  source  with  low  current 
vacuum  arc. 

Special  scheme  (fig.  4)  was  proposed  [6]  for 
realization  of  both  an  extra  low  current  and  long 
pulse  duration  vacuum  arcs.  This  scheme 
automatically  reignites  the  arc  for  all  accelerating 
voltage.  A  low  current  vacuum  arc  can  be  produced 
with  the  single  emitting  center  in  the  cathode  spot, 
e.g.,  a  sequence  (up  to  20  ms)  of  single  short  pulses 
was  generated  at  a  current  Iarc=2-4  A  for  copper 
cathode,  and  Iarc=8-10  A  for  tungsten  cathode.  At 
higher  arc  current  the  source  operates  more  stable 
and  generates  low  intensity  metal  ion  beams  of  time 
duration  determined  only  by  the  power  supply 
transformers.  Such  low  current  vacuum  arc  mode 
generates  more  highly  stripped  metal  ions  due  to 
more  less  de-ionization  of  metal  ions  in  the  low 
density  near  surface  cathode  plasma. 

Fig.  4  also  shows  additional  to  the 
electrostatic  (-500  V  is  applied  to  EE  on  fig.  1) 
magnetic  method  for  reflecting  the  collector 


secondary  electrons.  Without  such  reflection  the 
additional  (electron)  source  current  is  increased  up 
to  6-16  times  for  light  and  heavier  ions  accordingly. 

2.3.  TAMEK-M  sources  of  microsecond 
duration  high  power  metal  ion  beams 

At  a  high  current  vacuum  arc  it  is  possible  to  use 
only  one  discharge  gap  without  triggering  for 
microsecond  duration  metal  HPEB  generation  [7]. 
The  direct  capacitance  discharge  (fig.  5)  is  used  for 
metal  plasma  generation  after  ignition  of  Marx 
generator. 


Fig.  6.  Typical  pulses 
for  TAMEK-M  source 
(fig.  5). 


Source  on  fig.  7  uses  Archimedes  spiral  type 
path  of  the  anode  -AM  for  creation  of  a  magnetic 
field  for  electron  insulating.  At  the  beginning  of  a 
pulse  the  electrode  -AM  has  a  floating  potential,  that 
lead  to  the  surface  flashover  on  the  insulator  -Cl  and 
cathode  sports  formation  on  the  road  part  of  the 
anode.  Simultaneously,  the  magnetic  field  from  this 
electrode  increases  the  anode  plasma  ionization. 

At  IarC<100  kA  (fig.  6)  such  sources  generate 
metal  ion  current  I;<5  kA,  tp=0.5-10  ps.  For  a 
shorter  pulse  duration  it  is  difficult  to  achieve  a  low 
inductance  of  a  vacuum  arc  discharge  circuit,  to  take 


also  into  account  the  rather  big  capacitance  which  is 
necessary  to  generate  a  high  arc  current.  Upper  limit 
for  pulse  duration  is  restricted  by  necessity  to  adjust 
the  accelerating  gap  with  Child-Langmuir  limit  for 
the  ion  current  density  and  closing  the  accelerating 
gap  by  an  explosive  cathode  plasma.  Due  to  high 
speed  of  vacuum  arc  anode  plasma  motion  and  its 
erosion  during  a  pulse  for  vacuum  arc  ion  sources  it 
is  possible  to  use  accelerating  gaps  up  to  10  cm. 
Nevertheless,  parameters  received:  Uaccc^l^O  kV, 
Ii<5  kA,  tp=l-5  ps  are  enough  for  successful  metal 
surface  modification  with  the  surface  energy  input  of 
dW=0.5-5  J/cm2  [4,9,10], 

In  the  reversed  mode  such  sources  generate 
electron  beams  with  current  of  Ic<50  kA 


Fig.  7.  Scheme  of  the  HPIB  source  with  self- 
generation  of  an  anode  plasma  and  insulated 
magnetic  field. 

2.4  Plasma  immersion  metal  ion  implantation 

A  combination  of  conventional  metal  vacuum 
arc  PVD  method  and  plasma  immersion  metal  ion 
implantation  (PHI)  are  proposed  [8].  Fig.  8  presents 
the  scheme  of  the  combination  of  PVD  and  PHI. 


Fig.  8.  Scheme  of  the  source  for  combination  of  PVD 
and  metal  PHI  by  a  high  power  metal  ion  beam. 
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Unlike  the  other  authors  [11],  we  have  come  to 
the  conclusion  that  PVD  and  surface  modification  by 
HPIB  is  a  promising  combination.  We  make  use  of 
metal  plasma  density  of  Dp=10l2-iol3  cm-3 
generated  by  a  vacuum  arc  at  1^=1 00-2000  A,  and 
a  low  induction  power  source  with  Uaccel<60  kV 
which  is  periodically  (one  pulse  in  0.5-3  min) 
switched  on  between  the  target  and  the  plasma 
source.  HPIB  generation  with  Ij<200  A,  t=l-3  ps 
takes  place  through  alternation  of  HPIB  and  PVD, 
and  vice  versa  without  a  time  break  (fig.  2b).  Short 
pulse  mode  makes  it  easier  to  control  the  ion  current 
density  on  the  targets  located  on  the  potential 
electrode  by  using  inductive  insulated  circuits. 

3.  APPLICATION  OF  TAMEK  SOURCES 
TO  SURFACE  MODIFICATION 

TAMEK  source  provides  HDI,  as  other  well 
known  vacuum  arc  metal  ion  sources  [12-14],  but 
has  a  wider  range  of  applications  [4,9,10,15,16], 
Many  element  depth  profiles  and  structure 
modifications  obtained  are  shown  in  the  reviews 
[4,9]. 

Samples  to  be  treated  can  be  placed  into  the 
vacuum  chamber  without  special  preliminary 
preparation,  e.i.,  they  may  be  only  purified  from  dust 
and  other  surface  pollution  by  benzene. 

TAMEK  source  is  effective  for  IB  AD 
treatments.  Gradual  coating  with  new  metal  layers 
decreases  the  loss  of  compounds  formed,  causing  the 
increased  ion  concentration  and  depth  of  mixed 
layers  at  low  T<200  °C  surface  temperature, 
including  elements  insoluble  under  equilibrium 
conditions.  Carbon  presence  on  the  surface  increases 
the  depth  of  mixed  coatings  up  to  3  pm  due  to 
decreased  surface  sputtering  by  HDI. 

Coatings  with  a  mixed  content  of  TiN,  TiC, 
TiO  (Fig.  9)  are  formed  by  IB  AD  of  Ti  ions  in  oil 
pumping  vacuum  with  additional  nitrogen  pressure. 
In  these  coatings  the  nitrides  TiN  and  TixNi_x 
(where  x>0.5)  and  the  phases  Fe]5N:2  formed  by  the 
interaction  of  nitrogen  with  the  substrate,  and 
carbonitride  Fe2Ti(N,C)  are  discovered.  Such  mixed 
TiO,  TiC,  TiN  coatings  play  an  important  role  in  the 
improvement  of  mechanical,  tribological,  electrical, 
electrochemical  and  other  properties,  especially  as 
antifriction  coatings  for  mild  oxidative  wear 
mechanism. 

We  have  estimated  that  coatings  from  mixed 
TiN+TiC+TiO  phases  may  be  useful  in  the  majority 
of  applications  for  improving  wear  (fig.  10),  friction, 
corrosion  resistance.  Such  mixed  coatings  include  as 
hard  phases  such  as  TiC,  TiN  as  more  mild 
substratum.  In  the  case  of  hard,  and,  as  a  rule, 
brittle,  coatings  such  as  pure  TiN  or  TiC  the  hard 
particles  amerged  on  the  surface  during  wearing  play 
a  role  as  abrasive  that  increases  the  wear  of  the 
parts.  In  the  mixed  coatings  the  small,  10-300  nm. 


0  500  1000  1500 


depth  (nm) 


depth  (nm) 

Fig.  9.  a),  elements  (AES),  and  b),  phases  (SIMS) 
profiles  of  Fe  target  after  IB  AD  of  Ti  ions  in  15  min 
at  Uaccel-60  kV  under  additional  nitrogen 
atmosphere  P=3*10-4  Torr. 


depth  (pm) 


Fig.  10.  Intensity  of  wear  of  Steel  45  treated  as  for 
fig  9,  versus  depth  of  wear. 
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hard  phases  are  located  in  the  more  mild  substratum. 
Hardness  of  such  mixed  coatings  may  be  more 
lower,  but  wear  resistance  is  higher. 

After  the  same  treatment  as  mentioned  on 
fig  .9,  the  total  thickness  of  the  modified  Ti-glass 
layer  is  found  to  be  400  nm  [15,16].  The  coating 
loses  contact  rather  with  certain  parts  of  the  glass 
substrate  than  along  the  glass-coating  interface. 
Such  coatings  can  be  used  for  decoration  purposes, 
and  A1  coatings  are  also  used  as  mirrors  for  powerful 
lasers  with  high  (up  to  5  J/cm2)  energy  input. 

For  ceramics  like  BN,  AIN,  surface  resistivity- 

C7S  is  reduced  from  the  initial  C^lOl?  OhM  by 
2...  15  orders  as  the  dose  of  C*  ions  with  Ei=60  keV 
is  increased  from  1013  to  1012  ion/cm2.  The  surface 
coatings  are  thermostable  up  to  T=1700  °C.  Such 
thermostable  coatings  are  used  in  high  voltage 
technology  for  the  distribution  of  electric  field  over 
the  insulator  surface,  in  high  temperature  plasma 
devices,  and  can  be  used  in  production  of  resistors 
with  low  temperature  resistance  coefficient. 

The  erosion  resistance  of  electric  contacts 
including  relay  contacts,  switch  converters, 
contactors  and  switchboards,  and  also  electrodes  of 
high-voltage  switches  is  increased  by  IBAD 
treatment. 

TAMEK-M  sources  are  employed  to  increase 
the  microhardness  (2-4  times)  of  subsurface  layers 
up  to  100  pm  in  depth,  including  high-strength 
materials  such  as  WC.  The  desired  effect  achieved 
with  energy  input  into  the  surface  equal  to  dW=l-5 
J/cm2  (compared  with  dW=l  kJ/cm2  for  HDI  and 
IBAD)  permits  HPIB  to  be  used  for  treatment  of 
precision  and  small  size  items,  e.g.,  drills  with 
diameter  smaller  than  1-3  mm  [4,9,10].  The  same 
result  can  be  achieved  by  combining  PVD  and  HPIB 
irradiation.  In  this  case,  HPIB  without  adding  a 
large  amount  of  new  atoms  into  the  surface, 
intensifies  the  plasma-chemical  synthesis  at  low 
substrate  temperature  and  coating-substrate  atoms 
interdiffusion,  simultaneously  increasing  the 
subsurface  layer  microhardness.  In  such  a  way  it  is 
possible  to  form  coatings  with  a  good  adhesive,  and 
with  the  total  thickness  up  to  several  millimeters. 

Besides  the  above  applications  TAMEK 
sources  can  be  used  successfully  in  conventional 
application  fields  of  ion  implantation  and  physical 
vapour  deposition,  e.g.,  in  textile,  paper,  plastics, 
food,  aeronautics  and  space  industries,  medical 
sector,  etc.  As  a  rule,  service  time  of  treated  parts  is 
increased  by  2-15  times,  but  it  is  much  longer  for 
parts  whose  service  time  depends  on  corrosion  and 
wear  resistance,  such  as  notching  dies,  disk  milling 
cutters,  trimming  knives,  blades  of  aviamotors, 
valves  from  a  cryogenic  and  other  compressors,  relay 
and  other  contacts.  The  most  attractive  examples 
here  are  tools  used  for  shaping,  cutting,  and  piercing 
of  plastics,  papers,  synthetic  fibers,  soft  tissues  and 
similar  materials  [1,4,9,10]. 


4.  CONCLUSIONS 

This  short  review  has  demonstrated  that  using 
unique  properties  of  vacuum  arc  to  generate  metal 
ions  it  is  possible  to  construct  metal  ion  accelerators 
with  broad  range  of  parameters.  Improved  coating 
adhesion  with  easy  sample  preparation  and  modular 
design  of  the  TAMEK  sources  make  they  convenient 
for  industry  applications.  Vacuum  units  can  thus 
become  versatile  and  capable  to  implement  surface 
modifications  by  HDI,  IBAD,  HPIB  and  metal  PIII, 
or  electron  irradiation.  So,  it  seems  that  vacuum  arc 
sources  such  as  TAMEK  can  occupy  an  important 
position  on  the  technological  market  of  devices  for 
surface  modifications  by  ion,  plasma  and  electron 
beams. 

At  present,  we  determine  a  lower  level  for 
accelerating  voltage  which  will  be  suitable  for 
receiving  effects  described  in  this  review.  Sources 
with  a  lower  voltage  will  be  more  suitable  for 
industry  applications. 
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PULSED-PERIODIC  ELECTRON 
-  ION  SOURCE  "DRAKON" 


The  source  is  based  on  the  use  of  a  grid 
plasma  emither  with  a  low-pressure 
constricted  arc.  The  source  is  mounted 
on  a  vacuum  system  providing  pressure 
of  1C"2  Pa  and  includes  a  self  electron- 
ion  source  of  500  mm  dm  and  500  mm 
length  and  the  unit  of  isolation 
transformers  with  500*500*400  mm3 
dimensions. Voltage  can  be  applied  to 
the  accelerating  gap  from  standard 
high-voltage  rectifiers  of  the  required 
power. 


BASiC  TECHNICAL  CHARACTERISTICS  OP  THE  SOURCE  "DRAKON" 


• 

Electron  operation 

ion  one 

beam  diameter 

200  mm 

200  mm 

Energy  of  accelerated  particles 

2-20  keV 

2-20  keV 

Beam  current  in  a  pulse 

10-100  A 

0,1-1  A 

Pulse  duration 

50* 

50* 

Pulse  repetihon 

1- 1000  s'1 

1-1000 

J  Average  bearn  power 

(up  to)20  kW 

500  W 

|  inhomoger..?.;tv  of  beLT;  density  disfritufion 

15% 

15% 

Tha  mail  -  characteristic  features  of  the  source  art: 

The  use  of  three  plasma  generate  with  cold  cathodes  operating  to  a 
common  hollow  anode. 

•  Habbilixatton  of  plasma  emission  boundary  by  a  fine-mesh  metal  grid. 

■  Possibility  of  operf.on  in  conditions  of  a  considerable  gas  separation  from 
the  details  treated. 

•  Possibility  of  a  wide  rearrangement  of  basic  parameters. 

All  the  features  pointed  out  allow  the  source  application  in  such  technological 
ZZZT'  7  '°W",nert,;~  hea,in9  and  degasing  of  details,  ion  cleaning  and 
beams  °  ^  ^  '  ^  **  we!i  “”de'  cycIical  *eKon  of  electron  or  ion 

Using  the  source  in  cooperation  with  the  Republic  Engineering  Center  on 
reg  lening  ..,ottins  of  Mashines  and  Mechanisms,  the  fechnoligy  was 
w\e  oped  fc*  covering  3H/3rr,m  adherence  film  polyamid  with  -  5Q  um  thick 
cupper  layers.  The  tecnoligy  can  be  utilized  when  constructing  flexible  multi- 
"yw  pr'n,0d  c,rcul'  boards,  for  transported  electronic  units  etc.9 
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Change  of  Mechanical-and-Physical  Properties  of  Metals  at 
the  High-Power  Ion  Beam  Effect 

L  Brief  Description  of  the  Scientific  Achievement 

The  phenomenon  of  changing  the  physicochemical  and  stress-strain  properties  of  the  sur- 
-  ■’  face  layers  in  metals  and  alloys  under  the  influence  of  high-power  ion  beams  with  nanosecond 
duration,  power  density  of  107-108  W/cnr,  power  of  105-106  eV  has  been  found. 

The  mechanism  of  this  interaction  arc  being  studied  theoretically  and  experimentally.  It  is 
found  that  various  processes  accompanying  the  beam  effect  allow  to  change  metal  characteristics  at 
the  depth  exceeding  the  length  of  the  free  ion  path  in  metals  considerably. 

This  effect  has  been  discovered  experimentally  in  1980,  and  later  it  has  been  confirmed  on 
the  number  of  metals.  Research  method  of  interaction  between  the  high-power  ion  beam  and 
metals  have  been  worked  out,  approved,  and  now  they  are  used. 

4  high-power  ion  beam  sources  have  been  made  for  research  purposes. 


2.  Application  of  the  Achievement  in  the  Solution  of  Scientific  and  Applied  Problems 
Using  the  described  effect,  the  following  problems  can  be  solved: 

•the  controlled  change  of  the  physical,  structural  characteristics  of  the  surface  layer  of 
metals,  semiconductors,  ceramics  under  the  power-producing  effect  of  high-power  density; 

•the  hardening  of  tools  and  different  machine  parts; 

•high  rate  deposition  of  thin  metal  films,  components,  etc.; 

•the  beam  erosion  staining; 

•the  cleaning  of  the  surface  layer  for  various  purposes,  solving  the  number  of  other  applied 
problems. 

The  available  experimental  base  includes: 

-  "Luch",  "Vera",  "Temp",  YNA-2,5  accelerators; 

-  analytic  equipment  for  surface  studying; 

-  mathematical  program  of  the  calculating  the  beam  energy  with  various  parameters. 
Investigation  are  supposed  to  extend  to  the  following  problems: 

-  short  pulse  implantation; 

-  production  of  new  accelerators  with  1-50  kW  energy; 

-  fundamental  and  applied  research  on  obtaining  and  application  of  non-equilibrium  plasma; 

-  obtaining  of  the  quantum-sized  multilayer  coverings,  diamond-like  films;  making-up  the 
set  with  more  perfect  equipment. 

It  is  possible  to  obtain  new  materials  with  improved  operating  characteristics,  as  well  as 
scientific  information  on  the  surface  layer  of  materials. 
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Technological  accelerator  ’'Temp” 

The  accelerator  can  be  used  in  machine-building  for  increasing  of  wear  resistance  of  tools  and  other 
parts,  for  improving  of  adhesion  of  different  coatings,  increasing  of  material  resistance  to  corrosion.  Also  it 
can  be  applied  in  other  branches  of  industry  for  deposition  of  films  and  conducting  layers  in  ceramics,  for 
cleaning  from  impurities,  etc. 

Pulsed  high-current  ion  accelerator  has  a  chamber,  which  provides  automatic  changing  of  the  pat¬ 
terns  under  hermetic  conditions.  Under  the  action  of  high-power  ion  beam,  physical  and  chemical  properties 
of  materials’  surface  layers  arc  changing. 

1.  Technical  characteristics: 


Ion  energy 

Pulse  duration  / 

Current  density  on  the  pattern 

Pulse  frequency 

Surface  area  treated  by  1  pulse 

Productivity 

Maximum  dimensions 

Input  power 


300  keW; 

5-  10ss; 

40-150  A/sm2; 

0.3  Hz; 

40-100  sm:; 

1  m2  per  hour; 

2500  x  1650  x  1000  mm; 
5  kW; 


2.  Distinctive  features 

Comparable  to  the  pulse  lasers,  which  arc  applied  for  the  some  purposes,  the  accelerator  has  effi¬ 
ciency  some  dozen  large  than  pulse  laser  afficiency,  increased  beam  size  and  ecological  cleaness. 


3.  Consumers 

The  consumers  are  enterprises  of  machine-building  industry  and  tool  production,  developing  new 
technologies  in  machine-building  industry  research  institutes. 

4.  Realization 


The  pilot  acceleration  is  developed  and  tested  in  laboratory  conditions.  The  industrial  realization  of 
the  accelerator  includes: 

-  accelerator  shipment; 

-  treatment  of  different  products; 

-  technological  license; 

-  development  of  new  technologies. 


In  dependence  on  transfering  on  "know-how”,  the  price  varies  from  100  000  to  300  000 

USD. 
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The  accelerated  ion  beams  from  Cyclotron  U-120  and  electrostatic  generator  EG-2.5  are  used 

for: 

•  a  certification  of  solid  probes  by  destructive  CPAA  trace  determination  of  C,  N  and  O  in 
wide  various  of  high-purity  materials  with  the  detection  limits  of  1, 3  and  10  ppb. 
respectively; 

•  a  certification  of  solid  probes  by  nondestructive  CPAA  and  HIAA  trace  determination  of 
light  elements  and  isotopes  with  a  detection  limit  of  0.1  ppm  for  2H,  Li,  Be,  B.  F,  Na.  P,  S. 
and  1  ppm  for  K  and  Ca,  and  10  ppm  for  C.  N,  O; 

•  a  nondestructive  CPAA  ,  HIAA  /HUGE  determination  of  stoichiometric  ratio  of  the 
chemical  compounds  and  of  isotopic  ratio  of  elements  with  the  relative  standard 
deviation  of  0.001-0.005; 

•  a  nondestructive  concentration  depth  profiling  of  Be,  B,  C,  N,  F,  Na  and  A1  by  PIGE,  the 
depth  resolution  is  about  n(10-100)A; 

•  a  certification  of  mineral  raw  materials  by  CPAA-technique  for  directly  isotopic  analysis 
of  IS7Os  in  0.5  gram-probes:  a  determination  limit  of  1870s  in  M0S2  is  0. 1  ppm  and  relative 
standard  deviation  is  0,05-0,1  for  n(  1-0,1)  ppm  I870s  contents; 

•  a  study  of  mass  transfer  processes  in  solids  by  radio-labelling  with  radionuclides  of  “C, 

150,  ,:'N.  ISF  and  24Na  implanted  in  testing  probe  via  nuclear  recoil  without  irradiation  of 
probe  from  incident  heavy  ion  beam.  Yields  of  implanted  radionuclides  are  being  reached 
n(l-100)  microCu; 

•  a  directly  HIAA/ERDA-determination  of  D  /H  ratio  are  used  for  study  of  hydrogen 
isotopic  ratio  in  biological  and  environmental  microprobes:  the  detection  limits  are  about 
I  at. ppm  D  and  nlOO  at.  ppm  H  relative  standard  deviation  is  less  than  0.02. 
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The  new  type  of  electrical  discharge  in  vacuum 


The  new  type  of  pulsing  electrical  discharge  is  experimentally  established,  which  has  not 
been  described  earlier. 

With  its  origin  it  is  the  volume  discharge  in  constant  electrical  field  in  evaporation  of 
material  of  electrodes,  arising  in  initial  vacuum  P<10  5  with  help  of  auxiliary  spark.  j 


The  main  parameters  of  discharge: 


i  -  discharge  current .  1  .  300  A 

Uz  -  voltage  on  electrodes  .  200 -2000V 

P z~i  U.  -  power  of  discharge .  2  1 02  -  6  105  W 

/  -  current  pulse  duration . ' .  10-4 .  10-2  s 

#  -(Pz  ruoo% 

^  Clt  -efficiency .  20%  -50% 

2 


The  possible  applications  of  discharge: 

1.  Drawing  of  metal  covers  in  conditions  of  high  vacuum.  The  speed  of  filling  at  use  of 
volume  discharge  in  vacuum  is  200  times  higher  in  comparison  with  magnetron  method  and  is 
0, 1  mkni/s  at  average  capacity  of  rectifier  of  1  KW.  The  distance  between  substrate  and  filling 
element  is  15  cm. 

2.  Producing  of  pulsing  ion  beams  of  metals  in  conditions  of  high  vacuum.  The  concentration 
of  ions  in  vacuum  discharge  can  reach  1016  cm'3  and  higher  in  volume  about  1  cubic  cm,  that  ■ 
allows  to  receive  ion  beams  of  maximal  intensities,  limited  only  to  own  volumecharge. 


ft 


Persons  interested  in  additional  information  with  the  purpose  of  use  of  volume  vacuum 
discharge,  can  apply  to  the  author,  phone#  (095)-948“81-82  or  e-maih  pcncites@glcisMpc.org 


The  author  -  Boris  N.  Mashkovtsev 


Comparative  characteristics 
of  various  electric  discharges 


type  of 
discharge 

voltage  on 
electrodes 

discharge  current 

power  evolved  on 
discharge 

primary 

pressure 

V 

A 

W 

forr 

normal  glow 
discharge 

100 

10-^  -  10-2 

0,01  -  1 

10-3-  101 

abnormal  glow 
discharge 

500 

1 

500 

10-3-  10' 

arc  discharge 

30 

100 

3000 

juoooe 

glow  discharge  in 
magnetic  field 

500 

1-5 

500  -  2500 

1 

discharge  in 
magnetic  field: 
in  plasma, 
created  by 
superhigh 
frequency  source 
Pshi-800  W 

continuous 

operation 

10-1 .  101 

2000  0,25 

500 

pulsed  operation  Tp-  10'6  c 

. _ 

6000  5 

3-104 

volume  discharge 
in 

vacuum 

pulsed  operation  Zp=  10-4-10-2c 

' 

10-6 

500  -  2000  1  -  300 

5  10- -6  105 
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The  Raduga  multipurpose  ion/plasma  source  for  surface  modification 
of  construction  materials 

A.I.  Ryabchikov,  N.M.  Arsubov,  N.A.  Vasilyiev  and  S.V.  Dektyarev 
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In  this  article  a  repetitively  pulsed  vacuum  arc  ion/plasma  source  for  property  modification  of  near-surface  layers  in  construction 
materials  is  described.  The  Raduga  ion  source  provides  both  high  concentration  implantation  and  optimum  two-element  implanta¬ 
tion.  These  advantages  can  be  achieved  by  using  not  only  pure  single-element  or  mixed  fluxes,  but  also  pulsed  beam  sequences  with 
controllable  composition  and  energy  of  each  ion  species.  Another  unique  feature  of  the  source  is  its  ability  to  generate  a  sequence 
consisting  of  ion  beam  and  plasma  stream  pulses.  Switching  between  ion  irradiation  and  plasma  deposition  can  be  done  from  pulse  to 
pulse,  within  each  pulse,  or  after  accumulation  of  a  required  dose.  Two-element  operating  conditions  provide  the  possibility  of 
compensating  for  sputtering  during  implantation  by  neutral  atom  and  plasma  deposition.  The  technological  capabilities  of  the  source 
are:  (a)  single-element  ion  implantation;  (b)  multi-element  implantation  using  compositional  cathodes;  (c)  multi-element  implanta¬ 
tion  with  beam  composition  and  ion  energy  controlled  during  irradiation  and  even  from  pulse  to  pulse;  (d)  high-concentration 
implantation;  (e)  thin-film  deposition;  and  (f)  thin-film  deposition  under  ion  irradiation  conditions. 


1.  Introduction 

In  recent  years,  sources  of  accelerated  ion  beams  as 
tools  for  modifying  the  physical  and  chemical  surface 
properties  of  different  materials  have  become  a  great 
interest.  Numerous  fields  of  applications  of  ion  implan¬ 
tation  for  improving  the  surface  properties  of  metals 
and  alloys  as  well  as  other  construction  materials  have 
required  a  substantial  increase  in  irradiation  dose,  up  to 
1017-1018  ions/cm2,  hence  the  development  of  high 
intensity  ion  sources  [1].  Among  the  ion  sources  in 
existence  and  under  development,  the  repetitively  pulsed 
vacuum  arc  sources  rank  highly  [2-4].  These  sources 
can  produce  high  intensity  ion  fluxes  of  metals  as  well 
as  metals  and  gases  together.  The  Raduga  ion  source 
can  provide  beams  of  composition  and  energy-con¬ 
trolled  ion  fluxes  for  multi-element  implantation.  The 
operation  of  the  repetitively  pulsed  vacuum  arc  sources 
under  ion/plasma  conditions  allow  thin  film  deposition 
to  be  performed,  as  well  as  ion  bombardment.  The 
high-concentration  implantation  operation,  with  surface 
ion  sputtering  compensation  using  the  deposition  of  low 
energy  ions  and  neutral  atoms,  is  of  special  interest. 
Within  this  regime  any  implanted  species  concentration 
in  different  materials  can  be  obtained  with  a  simulta¬ 
neous  substantial  reduction  of  irradiation  dose  [5]. 

This  report  presents  results  of  the  development  and 
investigation  of  the  multipurpose  ion  plasma  source 
Raduga  IV,  suited  for  the  realization  of  all  regimes  of 
ion  material  treatment  mentioned  above. 


2.  Source  design  and  operation 

The  Raduga  IV  ion  plasma  source  is  composed  of  a 
metal  vapor  vacuum  arc  plasma  source,  a  plasma  shap¬ 
ing  region  and  a  set  of  grids  for  ion  extraction.  The 
source  is  placed  in  a  vacuum  chamber  with  a  base 
pressure  of  less  than  10  ”4  Torr.  Plasma  generation  in 
the  source  is  due  to  cathode  material  evaporation  and 
ionization  by  the  cathode  spot  of  the  vacuum  arc. 
Plasma  formation  occurs  during  the  existence  of  the 
cathode  spot.  Generally,  at  pulse  arc  discharge  dura¬ 
tions  of  some  hundreds  of  microseconds  and  discharge 
currents  of  100  A,  the  cathode  spots  persist  for  the 
duration  of  the  discharge  pulse  on  cathodes  which  are 
made  of  fusible  materials.  However,  for  low  discharge 
currents  of  about  10  A  and,  in  particular  on  refractory 
cathodes  such  as  Ta,  W,  Mo  and  others,  the  lifetime  of 
the  cathode  spot  is  limited  to  some  tens  of  microsec¬ 
onds.  This  problem  is  resolved  in  the  Raduga  IV. 

The  cathode  of  the  source  is  designed  to  be  com¬ 
pound.  Each  of  the  cathode  elements  has  a  system  of 
independent  trigger  electrodes.  The  ceramic  insulators 
are  installed  between  cathode  and  trigger  electrodes. 
The  initiation  of  arc  discharge  is  caused  by  breakdown 
on  the  insulator  surface  between  the  cathode  and  trigger 
electrode. 

The  anode  of  the  source  is  a  cone  with  a  20  cm 
diameter  base  situated  on  the  same  axis  as  the  cathode. 
The  faced  anode  (i.e.,  base  of  the  cone)  is  covered  by  a 
grid.  The  grid  is  fabricated  from  a  stainless  steel  disk  in 
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which  8  mm  diameter  holes  are  drilled.  The  distance 
between  the  grid  and  the  cathode  is  adjusted  for  the 
cathode  material  and  the  angular  divergence  of  the 
generated  plasma  plume.  After  initiation  of  the  dis¬ 
charge  between  the  cathode  and  the  trigger  electrode 
the  plasma  plume  expands  towards  the  anode.  The 
pulse  duration  of  the  trigger  is  chosen  so  that  during  the 
trigger  discharge,  the  plasma  puff  approaches  the  anode 
region.  As  a  result,  the  discharge  between  the  cathode 
and  anode  is  initiated.  The  polarity  of  the  trigger  pulse 
is  such  that  the  cathode  spot  is  initiated  on  the  cathode 
only.  The  trigger  pulse  can  be  applied  to  either  of  two 
trigger  electrode  systems  and  the  plasma  is  generated 
from  the  corresponding  cathode  material.  Thus  we  see 
how  to  control  the  ion  species  during  multi-element 
implantation.  The  ion  extraction  system  consists  of  a  set 
of  three  grids.  Each  grid  has  250  holes.  The  hole  pat¬ 
terns  of  the  grids  are  well  aligned.  The  middle  grid  is 
the  electron  suppressor  and  is  held  at  approximately 
-1  to  — 2  kV.  The  electron  suppressor  prevents  the 
flow  of  secondary  electrons  back  across  the  accelerating 
gap.  The  third  grid  is  connected  to  ground.  The  bias 
voltage  for  the  grid  is  formed  using  an  additional  wind¬ 
ing  of  the  pulse  transformer. 


3.  Power  supply  of  the  source 

Fig.  1  shows  a  schematic  diagram  of  the  source.  The 
formation  of  pulse  voltages  for  the  arc  discharge  supply 
and  ion  acceleration  is  accomplished  using  the  pulse 
transformers  Tl,  T2  and  T3.  The  primary  windings  of 
the  transformer  arc  are  fed  from  the  corresponding 
pulse- forming  LC-lines. 

Since  the  principles  of  generation  of  both  the  accel¬ 
erating  voltage  pulse  and  the  arc  discharge  voltage  pulse 
are  similar,  let  us  consider  just  one  of  the  systems  in 


detail.  The  filter  capacitor  Cf  is  charged  from  the  ac 
mains  of  380  V  through  a  three-phase  autotransformer 
and  rectification  system.  When  triggered  by  the  clock 
pulse  generator,  thyristor  D-10  is  closed  and  the  pulse 
line  LC  is  charged  up  to  a  voltage  of  1.7  to  1.9  V 
through  a  charging  inductance.  While  the  D-10  thyristor 
is  suppressed  (at  the  current  feedback  of  secondary 
carriers),  the  IT-2  pulse  transformer  signal  will  be  de¬ 
layed  for  the  duration  of  the  vent  property  regeneration 
using  the  D-10  circuit  C3D9.  After  switching  thyristor 
D-ll,  the  pulse- forming  line  is  connected  to  the  primary 
winding  of  pulse  transformer  Tl.  The  primary  winding 
utilizes  a  variable  number  of  turns  to  generate  the  pulse 
accelerating  voltage.  By  feeding  a  control  signal  to  a 
suitable  thyristor,  D-ll  or  D-12,  the  pulse-forming  line 
is  switched  a  certain  number  of  primary  windings  of  the 
transformer.  By  varying  the  number  of  primary  turns,  it 
is  possible  to  control  the  magnitude  of  the  accelerating 
voltage.  The  supply  system  can  provide  a  variable  accel¬ 
erating  voltage  from  pulse  to  pulse.  Thus  the  voltage 
can  be  varied  in  steps  of  10  kV  from  20  up  to  100  kV. 
As  has  been  noted  above,  the  supply  system  of  T2  and 
T3  pulse  transformers  operates  analogously.  The  maxi¬ 
mum  output  voltage  of  the  transformers  is  10  kV.  The 
two  terminals  of  the  secondary  windings  of  trans¬ 
formers  T2  and  T3  are  connected  to  the  anode  and  the 
corresponding  elements  of  the  cathode,  respectively. 

By  switching  thyristors  D-ll,  D-12  and  D-13,  D-14, 
we  can  connect  in  series  the  transformers  to  the  circuit 
of  the  pulse-forming  line  supply  and  thus  form  ion  or 
plasma  fluxes  of  one  or  another  cathode  material.  Thus 
the  switching  of  thyristors  T1?  T2  and  T3  provides  con¬ 
trol  of  both  the  species  and  energy  of  the  ions.  Pulse 
transformers  T2  and  T3  provide  both  the  initiation  of 
the  discharge  between  the  cathode  and  the  trigger  elec¬ 
trode  and  the  arc  current  supply.  While  the  pulse  volt¬ 
age  originates  at  the  secondary  winding  of  one  of  the 


Die  JTi  L{  j— — ,  a 


Fig.  1.  Schematic  diagram  of  the  Raduga  ion/plasma  source. 


II.  EXPERIMENTAL  TECHNIQUES 
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transformers,  the  Cj  and  C2  capacitors  are  charged.  The 
ratio  of  capacitances  chosen,  Q  C2,  provides  a  reg¬ 
ime  of  preferable  release  of  the  Cl  capacitor  voltage. 
When  the  Cj  capacitor  voltage  is  adjusted  to  the 
breakdown  potential,  breakdown  occurs  between  the 
cathode  and  trigger  electrode  across  the  surface  of  the 
ceramic  insulator.  As  a  result,  a  low-voltage  arc  dis¬ 
charge  with  a  cathode  spot  is  generated.  The  i/ci  volt¬ 
age  drops  to  a  value  corresponding  to  the  voltage  drop 
of  the  arc  discharge.  The  capacitor  C2  is  charged  through 
a  plasma  channel.  Plasma  formed  by  the  cathode  spot 
expands  from  the  cathode  towards  the  anode.  The  basic 
arc  discharge  is  ignited  between  the  cathode  and  anode, 
and  is  of  a  duration  determined  by  the  pulse-forming 
line.  Note  that  the  burning  voltage  of  the  vacuum  arc 
discharge  depends  on  the  cathode  and  anode  material 
as  well  as  their  geometric  sizes,  and  varies  in  the  range 
of  20-150  V.  Arcing  between  the  cathode  and  trigger 
electrode  ceases  when  the  voltage  drop  across  capacitor 
C2  exceeds  that  of  the  arc  discharge  between  the  cathode 
and  anode.  The  elements  of  the  capacitor  charging 
circuit  are  chosen  so  that  when  the  plasma  approaches 
the  anode,  UC2  exceeds  the  arc  voltage  drop  between  the 
cathode  and  anode.  At  the  same  time,  diode  D-7  pre¬ 
vents  the  reduction  of  the  discharge  voltage  of  C2.  The 
current  of  capacitor  C2  is  stopped  from  flowing  through 
the  trigger  electrode.  Thus  there  is  a  possibility  of  the 
cathode  spot  forming  a  pure  ion  beam  from  the  cathode 
material  only. 

It  is  important  to  note  some  more  features  of  the  arc 
discharge  triggering  and  supply  system.  An  accidental 
extinction  of  the  arc  between  the  cathode  and  anode 
leads  to  a  sharp  voltage  increase.  The  capacitors  Cj  and 
C2  start  charging  again  with  subsequent  breakdown 
across  the  insulator  surface  and  re-initiation  of  the  arc 
discharge  between  the  cathode  and  anode.  Multiple 
re-initiation  of  the  arc  discharge  will  occur  while  the 
difference  in  the  transformer  and  C2  capacitor  voltages 
is  high  enough  for  breakdown  of  the  ceramic  insulator 
surface.  C2  capacitor  discharge  occurs  through  an  ad¬ 
ditional  electric  circuit  between  the  pulses.  The  pulse 
durations  of  the  accelerating  voltage  and  the  arc  dis¬ 
charge  are  adjusted  by  discrete  changes  in  the  number 
of  sections  in  the  pulse-forming  lines.  The  bias  voltage 
for  the  suppressor  grid  is  formed  using  an  additional 
winding  of  the  pulse  transformer  Tj. 

4.  Operational  conditions  of  the  Raduga  IV  ion /plasma 
source 

4.1.  Repetitive  pulsing 

Under  conventional  repetitively  pulsed  conditions, 
the  source  forms  a  flux  of  accelerated  ions  of  the 
conducting  material.  Pure  metals  and  alloys  as  well  as 
gas-containing  compounds  may  be  used  as  cathodes. 


The  mean  energy  of  the  accelerated  ions  is  determined 
by  the  accelerating  voltage  and  the  mean  ion  charge 
state.  The  latter  depends,  in  turn,  on  the  cathode 
material  and  varies  from  1  to  3  [6].  The  pulse  duration 
of  the  accelerated  beam  in  the  Raduga  IV  can  be  varied 
over  the  range  50  to  200  ps.  The  maximum  pulse 
repetition  rate  is  determined  by  the  charging  time,  which 
in  our  case  amounts  to  1.2  ms.  The  supply  system 
developed  for  the  source  has  been  tested  with  a  repe¬ 
tition  rate  of  up  to  500  s"1  into  a  dummy  load.  Reliable 
source  operation  with  an  ion  beam  current  of  0.5  A  has 
been  achieved  with  a  frequency  up  to  100  s”1;  with 
further  increase  of  the  repetition  rate,  one  can  observe 
overheating  of  the  cooled  elements  of  the  source  con¬ 
struction.  The  problem  of  modification  of  the  cooling 
system  is  currently  under  consideration. 

4.2.  The  formation  regime  of  the  species  and  energy -con¬ 
trollable  ions  for  two-element  implantation 

In  accordance  with  the  expected  mean  ranges  of  the 
two  ion  species  in  the  target  material  and  the  mean  ion 
charge  state,  the  required  accelerating  voltages  are 
selected.  Control  of  the  accelerating  voltage  and  the 
cathode  material  is  done  in  synchronism. 

The  D-ll,  D-12  and  D-13,  D-14  thyristor  triggering 
in  pairs  is  performed  by  the  control  system.  The  dura¬ 
tions  of  the  pulse-forming  lines  approximately  coincide. 
The  source  control  system  allows  the  irradiation  dose 
ratio  to  be  adjusted  for  different  ion  species.  Using  this 
method,  both  the  ion  implantation  of  metals  and  metal 
and  gas  implantation  may  be  carried  out.  In  the  second 
case  one  of  the  cathodes  is  manufactured  from  a  com¬ 
pound,  gas-containing,  conducting  material.  Subse¬ 
quently,  by  combining  the  different  distribution  profiles 
of  the  different  species,  or  from  other  conditions,  the 
required  source  operation  regime  is  defined. 

4.3.  High-concentration  implantation  conditions 

High-concentration  implantation  is  accomplished 
using  ion  sputtering  compensation  of  a  target  by  ion 
plasma  and  neutral  atom  deposition  [6].  This  can  be 
done  by  a  combination  of  ion  implantation  and  plasma 
deposition,  i.e.  ion/plasma  operation  conditions  of  the 
source.  Plasma  deposition  occurs  when  the  accelerating 
field  is  not  switched  on,  and  the  free-expanding  plasma 
is  deposited  onto  the  target.  According  to  the  specific 
task  or  the  need  to  form  an  implantation  distribution 
profile  with  high  concentration  below  the  surface  (at  the 
ion  range  depth)  or  near  the  surface  for  sputtering 
compensation  of  the  surface  layer,  plasma  deposition  is 
used  with  the  composition  coinciding  with  the  target 
material  or  the  implanted  ion  species.  In  the  latter  case, 
the  additional  dopant  introduction  from  the  surface  is 
done  by  recoil  implantation.  In  this  case  the  source 
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operating  conditions  of  high-concentration  repetitively 
pulsed  implantation  can  be  varied  from  ionic  to  plasma 
after  a  given  irradiation  dose,  from  pulse  to  pulse  or 
within  a  pulse.  In  the  latter,  the  pulse  duration  of  the 
arc  discharge  exceeds  that  of  the  accelerating  voltage. 
Thus  this  excess  is  defined  by  the  geometric  parameters 
of  the  source,  such  as  the  distance  to  thk  target,  the 
degree  of  ionization  of  the  cathode  material,  and  the 
coefficient  of  target  sputtering.  The  arc  discharge  dura¬ 
tion  in  the  source  is  adjusted  from  50  \is  up  to  1000  ps, 
while  the  pulse  duration  of  the  accelerating  voltage  is 
controlled  in  the  range  of  50-200  ps. 

4.4.  Conditions  of  thin  film  deposition 

This  can  be  accomplished  by  single  and  multi-ele¬ 
ment  operation  conditions  of  the  source,  without  an 
accelerating  voltage. 

4.5.  Conditions  of  thin  film  deposition  with  ion  bombard¬ 
ment 

This  can  be  accomplished  when  the  repetitively 
pulsed  deposition  rate  for  coating  exceeds  that  of  surface 
ion  sputtering  under  implantation. 

5.  Conclusions 

The  Raduga  IV  repetitively  pulsed  vacuum  arc  ion 
source  described  here  provides  a  means  for  the  genera¬ 


tion  of  both  accelerated  ion  fluxes  and  neutral  plasma 
streams,  with  control  over  ion  species  and  energy. 
Moreover,  the  Raduga  apparatus  may  be  used  for  con¬ 
ventional  repetitively  pulsed  implantation  conditions 
and  for  high-concentrations,  as  well  as  for  two-element 
implantation.  The  multipurpose  Raduga  IV  ion  source 
opens  up  a  wide  range  of  possibilities  for  the  investiga¬ 
tion  of  the  technological  processes  of  ion/plasma  mod¬ 
ification  of  material  properties. 
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We  report  our  work  on  high  dose  ion  implantation,  emphasising  the  limiting  concentration  of  implanted  species  that  occurs 
because  of  surface  sputtering.  We  present  experimental  results  showing  that  during  repetitively  pulsed  implantation,  sputtering  of  the 
surface  layer  can  be  compensated  for  by  sirqultaneous  neutral  atom  or  low  energy  ion  deposition,  thereby  arbitrarily  high  alloying 
levels  can  be  reached.  Experimental  data  on  pulsed  implantation  of  Hf,  Tb  and  Ni  into  AI,  Ti  and  Fe  demonstrate  that  alloy  layers 
with  implanted  species  concentration  of  up  to  lOO't  can  be  formed.  With  implantation  of  100  keV  Ni  into  Al  and  with  sputtering 
compensation  and  radiation  stimulated  thermal  diffusion  conditions,  an  alloy  layer  of  thickness  0.5  pm  and  with  a  Ni  concentration 
of  approximately  77  at.%  has  been  obtained.  In  this  paper  we  review  our  data  on  concentration  profiles,  relating  these  to  the  alloy 
layers  and  also  showing  that  the  layer  depth  considerably  exceeds  the  ion  range.  We  discuss  and  generalize  our  results  for  high 
concentration  implantation,  and  consider  potential  applications  of  the  technique  for  the  modification  of  surface  properties  of 
different  materials. 


1.  Introduction 

The  properties  of  the  alloyed  surfaces  of  different 
materials  are  determined  by  both  the  alloying  dopant 
content  and  its  concentration.  The  use  of  conventional 
alloying  technology  (volumetric  metal  alloying)  can  be 
disadvantageous  because  of  the  cost  of  alloying  dopants, 
especially  when  the  total  operation  lifetime  is  de¬ 
termined  by  the  surface-and  near-surface  layer  proper¬ 
ties. 

There  is  also  a  limitation  in  that  some  compounds 
cannot  be  obtained  using  ordinary  metallurgical  tech¬ 
niques.  Nevertheless,  the  fact  that  chemical,  mechanical 
and  other  material  properties  are  determined  by  the 
impurity  concentration  and  its  compounds  has  stimu¬ 
lated  a  search  for  methods  for  increasing  the  concentra¬ 
tion. 

Ion  implantation  is  an  effective  method  for  alloyed 
surface  layer  generation  with  an  impurity  concentration 
of  several  tens  of  atomic  percent  [1-3].  The  saturation 
level  of  the  dopant  concentration  in  the  metal  surface 
has  been  exceeded  by  more  than  an  order  of  magnitude 
[4]  over  that  obtained  by  using,  for  example,  borating, 
cementation  and  nitriding.  At  the  same  time,  with  nor¬ 
mal  ion  implantation  there  is  a  limiting  level  of  the 
obtainable  concentration  that  is  determined  by  ion 
sputtering  of  the  surface  material  layer.  Methods  for 
increasing  the  dopant  concentration  include  the  use  of 
surface  coatings  with  low’  sputtering  factor  (carbon, 
oxides),  implantation  through  a  layer  of  material  de¬ 


posited  onto  the  target  and  the  achievement  of  composi¬ 
tion  due  to  atomic  mixing  during  ion  bombardment  [5]. 

The  concentration  of  the  alloying  species  in  a  sample 
can  be  increased  by  a  judicious  combination  of  implan¬ 
tation  processes  and  coating  deposition  in  both  continu¬ 
ous  and  repetitively  pulsed  irradiation  conditions  [6-10]. 

The  present  work  investigates  a  method  of  high-con¬ 
centration  implantation  into  metals  using  repetitively 
pulsed  ion  implantation  and  sputtering  compensation  of 
the  sample  surface  by  low-energy  ion  and  atom  deposi¬ 
tion. 


2.  Experimental  procedure 

These  investigations  were  performed  with  the  Raduga 
repetitively  pulsed  ion  source  [11-13].  The  source  oper¬ 
ating  concept  is  based  on  plasma  generation  from  a 
cathode  material  by  a  repetitively  pulsed  arc  discharge 
in  vacuum  followed  by  ion  extraction  and  acceleration. 

Regeneration  of  the  sputtered  layer  was  accom¬ 
plished  by  operating  the  source  without  the  accelerating 
voltage.  The  optimum  version  of  high-concentration  ion 
implantation  was  attained  using  a  combination  of  accel¬ 
erated  ion  irradiation  and  plasma  deposition  in  each 
pulse.  In  this  case,  the  duration  of  the  plasma  forming 
vacuum-arc  discharge  exceeded  the  pulse  duration  of 
the  accelerated  ion  beam.  Surface  regeneration  due  to 
deposition  occurred  immediately  after  surface  sputter¬ 
ing  by  the  ion  beam  during  implantation. 
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Fig.  1.  Implanted  dose  dependence  on  iradiation  dose  by 
Tb-ions  under  different  conditions:  1  -  conventional  implanta¬ 
tion;  2  -  combined  with  deposition;  3  -  optimum  conditions 
of  the  implantation  and  deposition. 

By  varying  the  relationship  between  the  pulse  dura¬ 
tions  of  the  arc  discharge  and  the  accelerating  voltage, 
we  could  control  the  effective  sputtering  factor. 

Multielement  operation  of  the  source  [l4,15]  pro¬ 
vides  the  possibility  of  varying  the  composition  of  the 
ion  beam  and  of  the  film  deposited  during  the  repe¬ 
titively  pulsed  combination  of  implantation  and  surface 
regeneration.  In  our  experiments,  two  operating  regimes 
of  the  source  were  investigated.  In  the  first  case,  the 
same  cathode  material  was  used  for  implantation  and 
coating  deposition.  In  the  second  case,  during  implanta¬ 
tion  of  a  particular  ion  species,  surface  layer  regenera¬ 
tion  was  accomplished  using  a  cathode  material  corre¬ 
sponding  to  the  element  of  the  initial  sample  material. 

3.  Results 

Fig.  1  shows  data  on  Tb  accumulation  in  iron  during 
implantation  under  different  conditions.  As  mentioned 
above,  under  conventional  conditions  when  the  implan¬ 
tation  is  accompanied  by  surface  layer  sputtering  (fig.  1, 
curve  1)  a  saturation  is  reached  at  an  irradiation  dose  of 
(1-3)  x  10t7  cm-2.  Increasing  the  ion  irradiation  dose 
does  not  lead  to  a  surface  concentration  increase. 

Implantation  under  partial  compensation  of  sputter¬ 
ing  is  accompanied  by  an  increase  in  both  the  surface 
concentration  accumulation  rate  (curve  2)  and  its  ab¬ 
solute  value.  Under  optimum  irradiation  conditions. 


Fig.  3.  Conceentration  profile  distributions  of  Hf-implanted 
a-Fe  at  different  implanted  doses  of  ND,  cm"-2;  1  -  2.3  X  1015; 
2  -  2.4X1016;  3  -  2.4X1016;  4  -  9.3X1016;  5  -  2.4X1017;  6  - 
9.3  X 1016  (a)  and  dependence  of  the  distance  up  to  concentra¬ 
tion  maximum  of  the  corresponding  profiles  on  implanted  ion 
dose  under  conventional  implantation  (b). 


when  sputtering  is  completely  compensated  by  Fe-de- 
position,  the  implanted  terbium  dose  is  practically  equal 
to  the  irradiation  dose  (curve  3). 

This  version  conforms  to  the  full  ion  capture  condi¬ 
tions.  It  is  important  to  note  that  during  high-con- 
centration  implantation  the  dopant  accumulation  rate 
at  large  irradiation  dose  rises  by  S-times,  as  can  be  seen 
from  fig.  1.  When  the  sputtering  factor  is  large,  the 
required  material  ion  beam  treatment  time  will  be  de¬ 
creased. 

An  investigation  of  Ti-alloy  target  for  implantation 
and  deposition  using  Tb-cathodes  has  been  used.  Fig.  2 
illustrates  the  concentration  depth  distributions  for  dif¬ 
ferent  elements  under  two  different  conditions.  Tb,  Ti 
and  preliminarily  implanted  Mo  were  measured  by 
Auger-electron  spectroscopy. 

These  distributions  show  an  increase  in  the  Tb-film 
in  the  treatment  process  by  preferential  deposition  (fig. 
2).  The  Tb-film  growth  can  be  seen  from  the  position  of 


Fig.  2.  Depth  distribution  of  the  Tb,  Ti  and  Mo  concentrations  during  irradiation  under  preferential  Tb-deposition  (a)  and  under 

optimum  conditions  of  implantation  and  deposition  (b). 
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the  previously  introduced  Mo.  The  Mo-position  indi¬ 
cates  that  the  irradiation  conditions  were  close  to  opti¬ 
mum.  when  the  deposition  rate  of  the  Tb-layer  com¬ 
pensated  its  sputtering  rate.  The  maximum  concentra¬ 
tion  obtained  in  this  case  amounted  to  67.6  at.T. 

The  results  of  Hf-ion  implantation  into  a-iron  are 
also  shown  in  fig.  3.  The  implanted  species  depth  distri¬ 
bution  profiles,  obtained  by  RBS,  reveal  a  number  of 
specific  features  of  high-concentration  repetitively- 
pulsed  implantation.  By  increasing  the  irradiation  dose 
we  observe  the  maximum  displacement  of  impurity 
concentration  to  the  surface  (fig.  3).  During  conven¬ 
tional  repetitively  pulsed  implantation,  this  result  is 
explained  by  the  influence  of  two  factors.  Firstly,  with  a 
large  dose  of  heavy  Hf  the  target  density  increases  and, 
consequently  the  ion  range  decreases.  Secondly,  due  to 
ion  sputtering  the  substance  carry  over  and  surface 
boundary  translation  occur  [1].  After  an  irradiation  time 
the  profile  will  be  saturated  with  its  concentration  maxi¬ 
mum  on  the  surface  with  Amax  =  A/S' ,  where  Amax  is 
the  maximum  impurity  concentration,  N  is  the  target 
material  atomic  concentration  and  S  is  the  sputtering 
factor. 

It  should  be  noted  that  the  ion  beam  of  the  repe¬ 
titively-pulsed  vacuum  arc  source  contains  a  consider¬ 
able  fraction  of  multicharged  ions  [16].  Thus,  with  low- 
irradiation  doses  the  concentration  maximum  is  found 
to  be  at  a  depth  corresponding  to  the  ion  range  of  the 
mean  charge.  During  surface  sputtering,  the  concentra¬ 
tion  maximum  is  moved  into  an  ion  distribution  region 
with  lower  energy,  i.e.  lower  charge  state.  The  experi¬ 
mental  dependence  of  distance  from  the  surface  to  the 
profile  maximum,  for  Hf-implantation  into  iron  on  the 
ion  dose  is  show-n  in  fig.  3.  The  point  numerations  in 
the  figure  coincide  with  those  of  the  corresponding 
concentration  profiles.  This  dependence  was  extrapo¬ 
lated  up  to  intersection  with  the  distance  axis  (AD  =  0). 
Extrapolation  to  “zero  dose”  [17]  revealed  a  value  of 
ion  range  of  200  A,  which  is  in  good  agreement  with  the 
mean  charge  of  the  introduced  ions,  Z  =  2.5. 

During  implantation  under  full  sputtering  com¬ 
pensation  conditions  the  concentration  maximum  dis¬ 
placement  is  influenced  by  the  surface  layer  content 
variation  only.  Partial  sputtering  compensation  must  be 
accompanied  by  moderated  translation  of  the  con¬ 
centration  maximum  to  the  surface  (fig.  3,  curve  6). 
When  for  sputtering  compensation  film  deposition  is 
used  with  content  close  to  the  corresponding  ion  species, 
so  the  additional  maximum  displacement  and  its  output 
to  the  surface  will  depend  on  the  amount  of  implanted 
dopant  as  recoil  atoms  (curve  2). 

A  study  of  a-Fe  sample  microstructure  by  means  of 
electron  transmission  microscopy  after  Hf-irradiation  at 
depths  substantially  exceeding  the  ion  range  has  shown 
the  developed  dislocation  material  structure  that  is 
formed  in  a  near-surface  layer  with  thickness  of  some 


tens  of  microns  under  conventional  implantation  condi¬ 
tions  [18].  It  wra$  found  that  since  under  high-concentra¬ 
tion  implantation  conditions  the  same  dose  of  im¬ 
planted  ions  may  be  obtained  at  different  irradiation 
doses,  the  maximum  dislocation  density  is  correlated 
with  the  introduced  impurity  dose  and  its  maximum 
concentration.  A  correlation  is  observed  in  the  depen¬ 
dence  of  dislocation  density  and  microhardness  on  the 
maximum  concentration  of  introduced  dopant.  These 
results  are  evidence  of  the  important  role  of  static 
stresses  arising  after  ion  introduction  into  solid  surface 
for  pure  metal  property  modification. 

Ti,  Ni  and  Fe  accumulation  during  high-concentra¬ 
tion  implantation  in  A1  were  stidied  both  under  low’ 
heating  conditions  (the  sample  temperature  did  not 
exceed  350  K)  and  the  temperature  variation  due  to 
pulse  repetition  frequency  increase.  Under  two-element 
operating  conditions  of  the  ion  source  and  sputtering 
compensation  by  aluminium  deposition  at  low  diffusion 
(low  temperature  -  350  K),  the  obtainable  concentra¬ 
tion  level  during  implantation  both  for  titanium  and 
iron  amounted  to  70  at.%  [9].  Note  that  a  periodic 
irradiation  temperature  increase  up  to  673  K  provides 
diffusion  of  the  implanted  nickel  from  the  surface  into 
the  bulk  with  simultaneous  decrease  in  its  concentration 
in  the  near-surface  region.  Our  experiments  have  il¬ 
lustrated  that  the  combination  of  high-concentration 
implantation  with  sample  temperature  control  due  to 
beam  intensity  variation  provides  not  only  deep  but 
also  high-concentration  alloying.  The  value  obtained  of 
maximum  nickel  concentration  exceeds  the  limiting  level 
of  conventional  implantation  by  more  than  two  times 
(up  to  77  at.%),  and  the  alloying  depth  is  increased  by 
10  times. 

4.  Conclusions 

(1)  Repetitively  pulsed  high  concentration  implanta¬ 
tion,  where  target  ion  sputtering  is  compensated  for  by 
neutral  atoms  and  plasma  ion  deposition,  allows  the 
formation  of  alloyed  layers  with  arbitrarily  high  level  of 
impurity  concentration. 

(2)  At  the  large  irradiation  doses  (1016-1018  cm'2) 
necessary  for  property  modification  of  surface  layers  in 
metals,  alloy  and  other  construction  materials,  the 
high-concentration  implantation  technique  allows  the 
formation  of  the  chosen  impurity  concentrations  at 
substantially  lower  irradiation  doses.  It  will  improve  the 
technigue  productivity  and  reduce  the  specific  energy 
expense. 

References 

[1]  M.I.  Guseva,  Poverkhnost  4  (1982)  27. 

[2]  A.N.  Didenko,  and  A.E.  Ligachev,  I.B.  Kurakin  Vozdeist- 


A  .  I.  Ryahchikov,  R.A.  Nasyrov  /  Repetitively  pulsed,  high  concentration  implantation 


51 


vie  puchkcov  zar.  chastiz  na  poverkhnost  metallov  i  spla- 
vov.  (Energoatomizdat.  Moscow,  1987)  p.  184. 

[3]  A. A.  Nikitin,  N.T.  Travina,  M.I.  Guseva  et  al.,  Poverkh¬ 
nost  3  (1989)  132. 

[4]  Yu.M.  Lachtin  and  Ja.D.  Kogan.  Azotirovanie  stali. 
(Mashinostroenie,  Moscow,  1976)  p.  276. 

[5]  Z.  Lian  and  I.W.  Mayer,  Jorn.  Vag.  Sci.  Technol.  15 
(1978)  1629. 

[6]  L.  Pranyavichus,  Nucl.  Instr.  and  Meth.  182/183  (1981) 
251. 

[7 j  A.G.  Pusyrevich,  A.I.  Ryabchikov,  A.L.  Shipilov  and  R.A. 
Nasvrov,  Tezisy  dokl.  I  Vsesoyuzn.  konf.  Modificatiya 
svoistv  konstr.  materialov  puchkamizar.  chast.,  Tomsk 
(1988)  p.  45. 

[8]  A.I.  Ryabchikov,  V.M.  Zavodchikov,  R.A.  Nasyrov,  V.V. 
Sokhoreva  and  A.A.  Yatis,  Tezisy  dokl.  Vsesoyuzn.  konf. 
po  Ionno-luchevoi  modifik.  mater..  Kaunas  (1989)  122. 

[9]  AX  Zhukova,  A.I.  Ryabchikov  and  R.A.  Nasyrov,  Mater. 
IX  Vsesoyuzn.  konf.  Vsaimod.  atomn.  chast.  s  tevrd.  telom. 
(MIFI.  Moscow,  1989)  p.  149. 

[10]  A.I.  Ryabchikov.  R.A.  Nasyrov,  V.A.  Shuiov,  A.A.  Strv- 
gin,  Tezisy  dokl.  IX  Vsesoyuzn.  konf.  po  vsaimod.  atomn. 
chast.  s  tverd.  telom.  Moscow  (1989)  p.  109. 


[11]  A.I.  Ryabchikov,  N.M.  Arsubov  and  E.l.  Lukonin,  Tezisy 
dokl.  I  Vsesoyuzn.  konf.  Modifik.  svoistv  konstruk.  mater, 
puchkami  zar.  chast.,  Tomsk  (1988)  p.  17. 

[12]  N.M.  Arsubov.  G.P.  Isaev  and  A.I.  Ryabchikov.  Izvest. 
Vuzov  Fizika  8  (1989)  68. 

[13]  N.M.  Arsubov.  G.P.  Isaev  and  A.I.  Ryabchikov,  PTE  5 
(1988)  28. 

[14]  A.I.  Ryabchikov,  Proc.  Int.  Conf.  on  Ion  Sources,  Berke¬ 
ley.  California,  USA.  (July  1989)  Rev.  Sci.  Instrum.  (1990) 
p.  641. 

[15]  A.I.  Ryabchikov,  N.M.  Arsubov  and  R.A.  Nasyrov,  Tezisy 
dokl.  VII  Vsesoyuzn.  simp,  po  silnotochnoi  elektronike, 
Tomsk  (1988)  p.  225. 

[16]  I.G.  Brown,  The  Physics  and  Technology  of  Ion  Sources. 
(Wiley.  New  York,  1989). 

[17]  l.G.  Brown,  Nucl.  Instr.  and  Meth.  B37/38  (1989)  68. 

[18]  A.N.  Didenko,  A.I.  Ryabchikov.  G.P.  Isaev,  N.M. 
Arsubov,  Yu.P.  Sharkeev,  E.V.  Kozlov,  G.V.  Pushkareva, 
I.V.  Nikonova  and  A.E.  Ligachev,  Mater.  Sci.  and  Eng. 
A115  (1989)  337. 


1928  —  Professor  V.D.Kuznetsov  estab¬ 
lished  Tomsk  school  of  strength  physics  on 
the  basis  of  Siberian  Physicotechnical 
Institute  associated  with  the  Tomsk  State 
University. 

1979  —  Professor  V.E.Panin,  the  leader  of 
the  Tomsk  school  of  strength  physics  and 
materials  science,  and  his  coworkers 
accepted  an  offer  of  academician 
V.E.Zuev,  President  of  the  Tomsk  Division 
of  the  Siberian  Branch  of  the  USSR 
Academy  of  Sciences,  to  establish  the 
department  of  strength  physics  and  mate¬ 
rials  science  at  the  Institute  of 
Atmospheric  Optics  of  the  Siberian 
Branch  of  the  USSR  Academy  of  Sciences. 

,1984  —the  department  of  solid-state  physics  and  materials  sci¬ 
ence  was  rearranged  to  the  Institute  of  Strength  Physics  and 
Materials  Science  (ISPMS)  of  the  Siberian  Branch  of  the  USSR 
Academy  of  Sciences.  V.E.Panin,  a  corresponding  member  of 
the  USSR  Academy  of  Sciences,  took  charge  of  the  Institute. 
1985  —  the  Republican  Engineering  Center  associated  with 
ISPMS  was  formed  to  provide  pilot-scale  and  series  production 
of  new  materials  and  devices  developed  at  ISPMS. 

1991  —  the  Russian  Materials  Science  Center  was  established 
on  the  basis  of  ISPMS,  comprising  materials  science  subdivi¬ 
sions  of  the  Tomsk  State  University,  Tomsk  Polytechnical 
University,  Tomsk  Cutting  Tool  Plant  and  Tomsk  State  Academy 
of  Architecture  and  Civil  Engineering.  The  goal  of  the  Russian 
Materials  Science  Center  is  to  accelerate  scientific  and  techno¬ 
logical  progress  in  the  national  economy. 

1994  —  a  Pilot  Plant  associated  with  ISPMS  is  being  put  into 
operation. 

ORGANIZATIONAL  STRUCTURE  AND  SCIENTIFIC  POTENTIAL 

The  State  Research  Center  of  Russia  INSTITUTE  OF  STRENGTH 

PHYSICS  AND  MATERIALS  SCIENCE  is  composed  of 

the  Institute  of  Strength  Physics  and  Materials  Science  of  the 

Russian  Academy  of  Sciences  (Siberian  Branch), 

the  Republican  Engineering  Center  associated  with  ISPMS,  and 

the  Pilot  Plant  associated  with  ISPMS. 

The  total  floor  area  of  the  production  facilities  is  15000  sq.m. 
The  available  modern  process  equipment  makes  it  possible  to 
produce  prototypes  and  small  quantities  of  marketable  prod¬ 
ucts. 

The  State  Research  Center  employs  500  workers,  including  1 
academician,  20  doctors  of  sciences  professors  and  130  candi¬ 
dates  of  sciences  (Ph.  D.). 

The  State  Research  Center  of  the  Russian  Federation  provides 
in-service  and  on-the-job  training  and  retraining  of  scientific 
brainpower  and  skilled  personnel  in  the  following  fields: 

—  mechanics  of  deformable  solid; 

—  solid-state  physics; 

—  strength  and  plasticity  physics; 

—  physical  metallurgy  and  heat  treatment  of  metals; 

—  powder  metallurgy; 

—welding  techniques  and  procedures; 

—  computer  elements  and  devices. 

Target-oriented  programs  of  the  State  Research  Center  are 
implemented  in  close  cooperation  with: 


1 928  r.  -  npocjjeccop  B4-  KyraneuoB  co3f 
er  ToMCKyK)  luxoay  4>m3mkm  nposHOcm  Ha  6 
ae  Cn6npcKoro  4>H3MKO-iexHHHecKoro  mhct 
Tyra  npn  Tomckom  rocyflapcTBeHHOM  yhhbc 
cwrere. 

1979  r.  -  npo4>eccop  B.E  flaHMH  -  jiHflt 
Tomckom  wxonu  4>m3mkm  nposHOcm  h  mst 
pnanoBefleHMA  -  h  Hacn.  corpyflHMKoe  Cd>T 
nepexoflsrr  no  npMraameHMio  flpeAcemarej 
Tomckoto  4>K/inana  CO  AH  CCCP  arameMMl 
B.E  3yeaa  b  MHcrmyr  otttmkm  aiMOc4*fj 
CO  AH  CCCP  m  co3flaiOT  OTflen  (Jhomkh  TBei 
flora  Teaa  n  MaTepManoBesneHMs. 

1984  r.  -  M3  HHcnnyra  ootmicm  aTMoaf* 
pbi  BbweJiseTCfl  caMOCTOsrreJibHbiii  Mhctmt> 
4>m3mkh  nposHOcm  m  MarepHanoBeAeHMS  CO  AH  CCCP.  Bo3raaBV 
MHcroryr  imeH-KoppecnoHAeHT  AH  CCCP  B.E.  [13hhh. 

1 985  r.  -  ana  AOBfifleHMs  pa3pa60T0K  MHCTMryra  ao  npoMuuuieHHb 
o6pa3uoB  m  opraHM3aumi  mx  cepuMHoro  npon3BOflCTBa  npn  HOI1M  0 
AH  CCCP  C03A3H  PecnybriMicaHCKHM  MHxeHepHO-TexHMnecKMM  uemrp. 
1991  r.  -  b  ueasx  coAeHCTBHfl  ycKopeHHio  HaysHO-TexHMsecKor 
nporpecca  b  OTpacnax  xo3afiCTBa  PO  Ha  6a3e  MOIIM  CO  PAH  cosaa 

POCCMMCKMM  MaTBpMaaOBeAHeCKMM  HeHTp,  B  COCTaB  KOTOpOTO  BOUU1 

noApaaaeiieHMfl  MaTepMaaoBeAHeocoro  npo4>nnsi  Tomckoto  rocyaapci 
BeHHoro  yHMBepcMTera,  Tomckoto  noaMTexHMsecKoro  yHMBepcMTeTJ 
Tomckoto  33bqa3  pexymnx  MHcrpyMeHTOB,  Tomckom  rocyAapcTBeHHO 
axaAeMMM  crpoMreabCTBa  m  apxmexTypbi. 

1 994  r.  -  3aBepiuaeTca  CTpoMTeabCTBO  onuTHoro  3aB0Aa  npn  M0IU 
CO  PAH. 

OPrAHM3AUMOHHA5t  CTPYKTyPA  II  KPATKAR  XAPAKTEPM- 
CTMKA  HAYHHOrO  nOTEHUMAJlA  L(EHTPA 

rocyAapcTBeHHuii  HaysHuii  pemp  Poccmmckom  cpeaepauMM  -  Hhctm 
Tyr  4>m3mkm  npoMHOcm  m  MaTepMaaoBeAeHMa  CO  PAH  -  BKmosaeT  i 

CBOM  COCTaB: 

-  MHcnnyr  4>m3mkm  npoHHOCTM  m  MaTepnaaoBefleHna  CO  PAH; 

-  Pecny&iHxaHCKMM  MHJKeHepHO-TexHMsecKMii  uemp  npn  M0I1M  CC 
PAH; 

-  OnbnHHM  3aB0A  npn  M011M  CO  PAH. 

Mx  npoM3BQACTBeHHbie  nnomaAM  cocTaBaaiOT  1 5000  kb.  m.  CoBpeMeHHoe 
TexHO/miHecKoe  o6opyAoeaHne  no3BoraeT  He  Toauco  pa3pa6arruBan 
onbiTHbie  o6pa34bi,  ho  m  BunyocaTb  Maawe  cepMM  TOBapHoii  npoAyxuMM. 
B  cocraBe  rocyAapcTBeHHoro  HaynHoro  ueHTpa  pafxnaiOT  500  weao- 
Bex,  b  tom  HMcae:  oamh  axafleMux,  20  aoktopob  Hayx,  130  KaHAMAaroe 
Hayx. 

rocyflapcTBeHHbiM  HaynnuM  uemp  Poccmmckom  cpeaepauMM  ocymecr- 
BaaeT  noATOTOBxy  m  nepenoaroTOBicy  BbicoxoKBaaMijwuMpoBaHHux  qa- 
poB  b  caeayioiAMx  obaacrax: 

-  MBxaHMKa  Ae0opMMpyeMoro  TBepAoro  Teaa; 

-  (j)M3Mxa  TBepAoro  Teaa; 

-  (j)M3MKa  npOHHOCTM  M  naaCTMHHOCTM; 

-  MeTaaaoBeAeHMe  m  TepMMHecxaa  obpaboTKa  MeTanaos; 

-  nopoujKOBaa  Meranaypnia; 

-  TexHoaoma  csapKM; 

-  aaeMeHTU  m  ycrpoiicTBa  BbiMMcaMTeabHoii  TexHMKM. 

B  BunoaHeHMM  nporpaMMbi  rocyAapcTBeHHoro  HayMHoro  qenrpa  ysa- 
CTByroT: 

-  MHcnnyr  ruAPOAMHaMMKM  CO  PAH; 


— the  Institute  of  Hydrodynamics  of  the  Siberian  Branch  of  the 
Russian  Academy  of  Sciences; 

—  the  Institute  of  Theoretical  and  Applied  Mechanics  of  the 
Siberian  Branch  of  the  Russian  Academy  of  Sciences; 

—  the  Mining  Institute  of  the  Siberian  Branch  of  the  Russian 
Academy  of  Sciences; 

— Institute  of  the  Thermal  Physics  of  the  Siberian  Branch  of  the 
Russian  Academy  of  Sciences; 

— the  Tomsk  State  University; 

—  the  Tomsk  Polytechnical  University; 

—  the  Siberian  Physicotechnical  Institute. 

BASIC  RESEARCH  TRENDS 

—  Physical  mechanics  of  non-homogeneous  media;  | 

—  Computer-aided  design  of  advanced  materials  and  teeth 
nologies; 

—  New  generations  of  metal-,  ceramics-,  and  polymer-based 
materials; 

— Basic  scientific  principles  of  strengthening  and  surface  treat¬ 
ment  of  materials; 

—  Nondestructive  Methods  of  Testing. 

MAJOR  RESULTS 

The  State  Research  Center  is  deeply  involved  in  development  of 
mezomechanics,  a  new  science  linking  continuum  mechanics 
(macrolevel)  With  plasticity  physics  (microlevel). 
Mezomechanics  treats  a  solid  under  load  as  a  multilevel  self¬ 
organizing  system  where  micro-,  meso-,  and  macroleveis  are 
organically  interrelated  and  described  by  the  same  equations.  A 
designer  can  enter  the  relevant  data  for  the  material  under 
development  into  the  computer,  simulate  its  deformation  and 
fracture  under  any  loading  conditions  and  optimize  the  compo¬ 
sition  and  structure  of  the  material  to  reach  target  physicome- 
chanicai  properties.  This  provides  the  feasibility  of  computer- 
aided  design  of  novel  materials  and  prediction  of  the  life  time  of 
those  in  current  use.  Based  on  mezomechanics,  fundamental 
principles  were  formulated  of  design  of  materials  and  strength¬ 
ening  coatings  with  a  damping  structure  capable  of  uniform 
redistribution  of  internal  stresses  over  the  bulk  of  the  material, 
which  averts  the  danger  of  sudden  fractures  and  ensures  high 
reliability  and  durability  of  structural  materials.  The  damping 
approach  was  embodied  in  the  development  of  new  materials 
for  tools  and  constructions.  Advanced  materials  and  strength¬ 
ening  coatings  are  used  for  producing  a  wide  range  of  tools, 
parts  of  oil  field  and  drilling  equipment,  bearings,  stop  valves 
and  fittings,  and  medical  instruments. 

INTERNATIONAL  COLLABORATION 
AND  OUTLOOK  FOR  THE  FUTURE 

The  State  Research  Center  has  established  close  scientific  con¬ 
tacts  with  research  centers  and  companies  in  the  USA,  Great 
Britain,  Sweden,  Italy,  Germany,  Siovenija,  Japan,  Korea  and 
China.  Joint  projects  for  computer-aided  design  of  advanced 
materials  and  non-destructive  method  of  testing  are  being 
implemented  at  international  laboratories  of  ISPMS.  Joint-ven¬ 
ture  companies  with  Great  Britain  and  Chinese  participation  are 
involved  in  the  manufacture  and  commercialization  of  high-tech 
products.  ISPMS  holds  annual  international  conferences  and 
workshops  and  provides  in-service  and  on-the-job  training  of 
foreign  specialists. 


-  MHCTHiyr  TeopenwecKOii  m  npHic/iaaHOM  MexaHHKM  CO  PAH; 

-  ktHCTMiyr  ropHoro  flena  CO  PAH; 

-  MHcmryr  Tenno<t>n3w<n  CO  PAH; 

-  Tomckmm  rocyflapcTBeHHbiM  ymmepcMTeT; 

-  Tomckmm  nojMTexHMHecKnSi  yHHBepcmeT; 

-  Cn6npCKHVi  <j)H3MK0-TeXHHHeCKMii  HHCTMTyT. 

OCHOBHblE  HATlPABJlEHMfl  flERTEJIbHOCTM: 

-  <|)n3HHecKasi  Me30Mex3HHKa  CTpyinypHO-HeaAHopoflHbix  epea; 

-  KOMnuorepHoe  KOHcrpynpoBaHne  hob  ha  Marepnanoe  h  TexHonomii 
hx  nojiyneHMsi; 

-  MaiepManu  hobux  noKoneHHM  Ha  MeTanjumecKoii,  repaMHsecxoii  m 
nojiHMepHoii  ocHOBax; 

-  HaysHbie  ochobu  TexHoaomii  ynpoMHemw  h  noBepxHoemoii  o6pa- 

6otkm  MarepwaaoB;  > 

-  Hepa3pyuiaK)mne  MeioflH  xoHTpona. 

OCHOBHblE  PE3yJlbTATfal  PAEOTbl 

B  Uempe  pa3BHBaerca  Me30MexaHwca  -  Hosaa  Hayxa,  no3BonnBuras 
CBfl3aTb  MexaHMxy  crurauiHoii  epeau  (MaxpoypoeeHb)  c  4>m3mkoh  nna- 
ctmhhoctm  (MMxpoypoBeHb).  Me30MexaHMxa  paccMarptiBaeT  Harpy- 
xeHHoe  TBepfloe  Teno  xax  MHoroypoBHeByx)  caMoopraHH3yiomyxx» 
CMCTeMy,  a  KOTOPOM  MHKPO-,  M630-  M  MaxpOypOBHH  OpraHHHeCXM  B3a- 
MMOCB5t3aHbl  H  OTOICblBaiOTCfl  OflHMMM  ypaBHBHMflMH.  KOHCTpyXTOp  MO- 

xeT  BBecm  nH<j>opMauMK)  o  pa3pa6aTUBaeM0M  Maiepnane  b  kcmiuo- 
rep,  ocymecTBHTb  MOAe/inpoBaHMe  era  ae4>opMauMH  m  pa3pyuieHHs  b 
aio6ux  ycnoBimx  HarpyxeHMfl  m  orrrnMM3npoBaTb  cocraB  h  crpyxiypy 
Marepwana  ana  noayaeHHa  3aaanHbix  <j>H3HKo-MexaHH*tecxMx  cbomctb. 
Bo3HnxaeT  B03M0XH0CTb  xoHCTpyvipoBaTb  c  noMombX)  KOMnbnrepa 
Mareptiaabi  hobux  noxoneHMM  m  npomoanpoBaTb  pecypc  pafxrru 
odopyflOBaHMa  h  KOHcrpyxuMH.  Ha  ocHOBe  Me30MexaHmcn  pa3pa(krra- 
hu  HOBbie  HepaspyiuaioutHe  Meroau  xompona,  np«HUnnu  co3flanna 
MarepnanoB  m  ynpoMHarouvix  noxpuTviii  c  AeMn<t>MpyKXAMMM  crpyioy- 
paMM,  Koropue  cnoco6Hd  nepepaenpeaenarb  BHyrpeHHHe  Hanpaxe- 
hub  m  BbipasHHBaib  mx  no  ofiteMy  nsae/iMa,  kid  npeaoiBpamaeT  onac- 
HocTb  BHe3anHoro  pa3pyuienna  h  o6ecnesnBaei  Bucoxyw  HaaexHOCTb 
m  AoaroBesHOCTb  MaiepnaaoB.  npMHLiMn  aeMncpupoBaHMa  pearoooBaH 
npn  pa3pa6oTxe  hobux  MarepnanoB  MHCTpyMewanbHoro  m  KOHcrpyx- 
UMOHHoro  Ha3HaHeHna.  HoBue  Mareptianu  m  ynpoHHSiotaMe  noxpunia  ' 
ncno/ib30BaHu  ana  naroTOBJieHMa  MHcrpyMeHra  iumpokom  HOMeHxnary- 
pu,  aeianeii  6ypoBoro  m  HetbrenpoMuenoeoro  ofopyaosaHHS,  noa- 
uiMnHMxoB,  3anopHOii  apMarypu,  Maae/inii  mcamumhckoto  Ha3HaneHHa. 

YHACTHE  B  MBKflYHAPOflHOM  COTPyflHMHECTBE  M 
flPEflnOJKEHMR  no  PA3BHTHIO  PABOT  H  AAJIbHEMlUEMy 
COTPyflHMHECTBy 

USHTp  MMeeT  uiMpoKMe  HaysHue  m  aenoBue  (KOMMepaecxtie)  cbsbm  c 
HayHHUMM  UeHTpaMM  M  4>MpMaMH  CUiA,  BenMK06pHTaHMH,  UJBeUHH, 
Hra/iMM,  TepMaHHM,  CnoBeHMM,  flnoHMM,  PecnyfMWKH  Kopea,  KmaM- 
ckom  HapoflHoii  PecnyfinMicn.  B  MexayHapoaHux  raeoparopwax  Mh- 
ennyra  BunojinaioTca  coBMecTHue  npoeiou  no  KOMnuoTepHOMy  koh- 
CTpyvtpoBaHHio  nepcneiciMBHUx  MarepManoB,  hobum  Hepa3pymaiomMM 
MeroaaM  xompona,  pa3pa6once  MarepiianoB  hobux  noxoJieHHvi.  Cob- 
Mecmue  npeanpMaroa  c  Be/iMKo6pnTaHMeM  m  KirraiicKOM  HapoflHoii 
Pecny6nnKOM  ocymecTenaiOT  npon3BoacrBO  m  xoMMepsecxyio  peann- 
3aunio  HayxoeMicoii  npoayiavm.  HHCTMTyT  exerpaHO  npoBOAHT  Mexay- 
HapoaHue  roHtjjepeHAMM  m  ceMMHapu,  ocymecranaeT  craxMpoBxy 
MHoerpaHHux  cneunaaMCTOB. 
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1.  Introduction 

Traditional  description  of  plastic  deformation  and  frac¬ 
ture  is  being  made  on  two  approaches  in  its  basis : 

1,  mechanics  of  continuous  medium, 

2.  dislocations  theory. 

The  mechanics  of  continuous  medium  describes  behav¬ 
ior  of  a  materia]  under  an  applied  load  with  the  help  of 
integral  characteristics  of  medium.  Within  such  approach  an 
inner  structure  of  a  material  have  not  been  taken  into 
account ;  tensors  of  stress  and  tensors  of  deformation  are 
symmetrical :  plastic  deformation  takes  place  due  to  trans¬ 
lational  movement  of  defects  under  loading.  To  describe  the 
curve  of  plastic  flow  one  has  to  calculate  the  work-hardening 
over  yield  point  of  material.  Phenomenological  approach 
used  by  mechanics  of  continuous  medium  is  physically  and 
mathematically  correct.  However,  it  may  be  used  only  for 
description  of  integral  properties  of  macro-homogeneous 
medium. 

The  dislocation  theory  describes  microscopic  behavior 
ot  a  solid  under  loading.  The  main  tasks  are  to  reveal  the 
mechanism  of  origin  of  plastic  shears  and  cracks,  to  describe 
the  behavior  of  dislocations  ensembles  and  make  up  the 
physical  interpretation  of  phenomenological  regularities  of 
continuous  medium  mechanics. 

Dislocation  theory  has  achieved  a  big  success  in  the  field 
ol  microscopic  descriptions  of  various  defects  behavior  in  a 
solid  under  deformation.  However,  the  numerous  attempts  to 
combine  dislocation  theory  and  continuous  medium 


mechanics  appeared  to  be  not  successful.  For  a  long  time,  it 
was  explained  by  mathematical  difficulties  in  macroscopic 
description  of  dislocations  ensembles  behavior.  But  now  it  is 
evident  that  our  understanding  of  plastic  deformation  basic 
act  was  not  quite  correct  and  was  described  by  a  mistaken 
scheme.  As  a  result,  descriptions  of  behavior  of  defor- 
mational  defects  ensembles  were  wrong,  as  well  as  micro¬ 
scopic  interpretation  of  phenomenological  regularities  of 
continuous  medium  mechanics. 

Our  misunderstanding  was  due  to  the  fact  that  we  had 
considered  the  basic  act  of  plastic  deformation  to  be  purely 
translational  movement  of  every  deformational  defect,  (e.g. 
crystallographic  shear)  and  the  condition  of  continuity  con¬ 
servation  had  been  connected  only  with  certain  self¬ 
accommodation  of  shears.  All  of  the  known  schemes  of 
plastic  deformation  of  heterogeneous  media  (Sachs,  Kochen- 
dorfer,  Bishop-Hill,  Ashby,  Taylor,  etc.)  are  based  on  the 
various  combinations  of  crystallographic  shears.  In  other 
words,  these  schemes  use  only  the  translational  character  of 
deformation.  Such  approach  doesn’t  correspond  to  reality 
and  make  it  impossible  to  understand  the  nature  of  disloca¬ 
tion  sources  and  the  regularities  of  dislocational  ensembles 
self-accom  modation.  During  the  last  decade,  the  author  with 
colleagues  developed  the  new  approach  in  the  physical 
mechanics  of  solid  under  loading.  This  approach  is  based  on 
the  conception  of  structural  levels  of  a  solid  plastic 
deformation1'355. 

Quite  new  basic  act  of  plastic  deformation  — 
“translation-rotation  vortex”  was  theoretically  and  experi- 

8.1,  6.8 
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mentally  grounded  within  this  conception.  According  to  ref. 
1) ,  shear  in  local  region  of  crystal  must  be  accompanied  (for 
given  boundary  conditions)  with  the  rotation  of  this  local 
region.  Therefore,  structural  elements  movement  must  be 
considered  in  physical  mechanics.  This  movement  must 
include  the  combination  of  shear  and  rotation.  As  the  result 
of  structural  elements  rotation,  all  hierarchy  of  structural 
levels  is  involved  into  deformation.  Self-accommodation  of 
different  structural  elements  may  be  described  correctly  only 
by  combined  consideration  of  translational  and  rotational 
deformation  modes.  Mesomechanics  of  such  behavior  gives  a 
notion  about  appearance  of  a  vortical  mechanical  field 
within  solids  under  loading105.  Evolution  of  this  field  during 
loading  considers  plastic  deformation  and  fracture  as  two 
successive  stages  of  the  same  process.  In  this  approach 
fracture  it  considered  as  a  rotational  mode  of  deformation. 
On  this  basis  one  can  understand  the  mechanisms  of  fracture 
under  different  loading  conditions. 

This  work  is  the  review  of  theoretical  and  experimental 
research devoted  to  the  new  approach  to  plastic  defor¬ 
mation  and  fracture  of  solids  on  the  basis  of  mesomechanics 
of  heterogeneous  media. 

2.  Scale  levels  of  solid  plastic  deformation 

Besides  the  structural  levels  of  solid  plastic  deformation 
it  is  necessary  to  introduce  into  consideration  the  notion 
about  scale  levels  of  plastic  deformation.  It  is  important  for 
physical  interpretation  of  plastic  deformation  as  relaxation 
process.  The  plastic  deformation  of  a  solid  under  loading  is 
related  to  a  loss  of  its  shear  stability  and  is  being  developed 
as  a  multilevel  relaxation  process. 

At  first  stage  the  shear  stability  loss  take  place  at  a 
microscale  level  in  the  local  regions  of  a  crystal  lattice. 
Microscale  stress  concentrators  (microSC).  arising  at  the 
places  of  structural  inhomogeneities,  cause  a  local  structural 
transformation  of  a  crystal  lattice  in  the  definite  crystallo- 
grapnic  directions.  Such  a  structural  transformations  are 
displayed  as  dislocations  origin.  The  microSC  action  is 
essentially  shortrange,  therefore  the  dislocations  can  be 
moving  only  in  the  vicinity  of  microSC.  It  is  common  used  to 
-consider  that  dislocations  are  the  translational  defects  and 
realise  only  the  deformation  translational  modes.  It  is  evi¬ 
dent  that  at  each  definite  point  of  shear-stable  crystals  a 
structural  stress-induced  transformation  can  not  be  devel¬ 
oped  in  some  crystallographic  directions  simultaneously 
the  latter  is  equivalent  to  usual  phase  transformation  in  an 
entire  volume.  It  means  that  only  single  sliding  can  take 
place  as  relaxation  process  for  definite  microSC,  But  for 
given  boundary  conditions  when  the  axis  of  loaded  sample  is 
fixed  single  sliding  within  any  structural  element  must  lead 
to  arising  of  couple  forces  on  this  element  from  surrounding 

Physical  mesomechanics  of  plastic  deformation  (V.  E.  Panin) 


Fig,  1  Mesobands  formation  during  tension 
of  high-nitrogen  stainless  steel  sam¬ 
ple  previously  deformed  by  rolling. 


material.  The  field  of  couple  forces  causes  the  rotation 
modes  of  deformation  :  cross-slip  of  dislocations  and  forma¬ 
tion  of  cellural  dislocation  substructure,  involvement  of 
multiple  sliding  at  different  points  of  crystal  as  a  vortex  of 
material  rotation,  flows  defects  at  grains  boundaries  which 
cause  the  rotation  of  grains  as  a  whole. 

Thus  the  first  stage  of  plastic  deformation  at  microscale 
level  is  accomplished  by  formation  of  dislocation  mesoscale 
substructure  which  is  capable  to  realize  the  vortical  charac¬ 
ter  of  plastic  flow  of  heterogeneous  medium.  This  mesosub- 
structure  is  distributed  within  initial  internal  structure  and  is 
named331  as  mesosubstructure  I.  Corresponding  scale  level  is 
named  as  mesolevel  I.  It  characterizes  well  developed  plastic 
deformation  of  heterogeneous  medium. 

During  plastic  deformation  the  density  of  dislocations 
increases  and,  under  its  certain  critical  value,  there  arises  the 
shear  stabity  loss  throughout  of  crystal  lattice.  The  struc¬ 
tural  transformations  become  possible  at  the  long-range 
volumes  and  can  be  realized  not  only  in  crystallographic  but 
in  the  arbitrary  directions.  There  arises  opportunity  to  relax 
more  strong  stress  concentrators  by  origin  defects  of  mesos¬ 
cale  sizes.  At  this  stage  of  plastic  deformation  such  new 
types  of  defects  (mesodefects)  as  disclinations.  micro-bands 
and  mesobands,  microtwins,  martensitic  plates  are  being 
originated.  Preferentially  these  mesodefects  are  propagating 
along  the  directions  of  maximum  shear  stress  across  many 
structural  elements  regardless  of  their  crystallographic  ori¬ 
entation.  The  example  of  such  deformation  mechanisms  is 
shown  in  Fig.  1.  The  flat  specimen  of  highnitrogen  steel 
initially  cold  rolled  at  room  temperature  then  was  loaded  by 
tension.  Cold  rolled  state  of  specimen  turns  out  to  be  very 
non-equilibrious  in  condition  of  tensile  loading.  As  a  conse¬ 
quence  mesoscale  bands  oriented  along  the  maximum  shear 
stress  directions  appears  from  the  very  beginning  of  tension. 
These  mesobands  cause  the  displacement  of  large 
mesovolumes  of  a  material  relatively  to  each  other.  At 
mesoscale  level  the  movement  of  mesoscale  size  structural 
elements  as  a  whole  becomes  the  main  mechanism  of  plastic 
deformation.  For  polycrystals  at  high  temperature  separate 
grains  or  their  conglomerates  are  playing  role  of  mesos- 
tructural  elements.  The  intensity  of  sliding  within  different 
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(  a  )  (  b  ) 


Fig.  2  Creep  of  pofycrysta!  of  allow  Pb  + 

1 .9at%Sn,  T  =  328  K.  £7=4  MPa.  the 
third  stage6*:  (a dotation  of  the  grain 
A  under  single  slip :  (O-O)-break  of  the 
■,  check  mark  maae  as  a  straight  line  at 
the  surface  of  specimen  before  test,  x 
1 000.  ( b  )vortical  structure  at  the 
pre-boundary  band  of  the  rotating 
grain.  x300. 

mesobands  or  grains  boundaries  is  non-equal.  Therefore 
each  structural  element  is  suffered  by  action  of  couple  forces. 
Such  movement  of  structural  elements  is  characterized  by 
scheme  “shear  4-  rotation”.  There  arises  mesosubstructure 
II  at  mesoscale  level  of  sample.  For  polycrystals  the  grains 
boundaries  are  being  such  mesosubstructure  II.  It  is  capable 
to  realize  vortex  character  of  plastic  deformation  of  sample 
and  is  correlating  with  its  shape  and  size.  Fig.  2. 

Thus  the  second  stage  of  plastic  deformation  at  the 
mesoscale  level  of  a  sample  is  also  accomplished  by  forma¬ 
tion  of  substructure  capable  to  realize  the  vortical  character 
of  sample  plastic  deformation.  But  in  contrary7  to  the  first 
stage  the  mesosubstructure  II  is  the  consequence  of  meso- 
stress  concentrators  relaxation. 

In  condition  when  mesosubstructure  II  overlap  the 
whole  cross  section  of  a  specimen  and  work-hardening  of 
structural  elements  don’t  allow  them  to  realize  the  internal 
accommodation  processes  there  arise  macroscale  stress  con¬ 
centrators  which  cause  the  plastic  deformation  localization. 
As  a  rule  this  macrolocalization  occurs  at  the  boundaries  of 
mesosubstructure  II  which  have  very7  high  extent  of  shear 
instability.  According  to  theoretical  and  experimental 
investigations33-  35)  big  shear  localization  is  accompanied  by 
big  value  of  local  material  rotation.  This  causes  the  appear- 
ence  of  discontinuities  in  the  region  of  shear  localization, 
material  fragmentation  and,  at  last,  a  material  fracture.  It  is 
the  third  stage  of  plastic  deformation  which  is  connected 
with  shear  stability  loss  of  a  specimen  as  a  whole  and  is 
accompanied  by  sample  dividing  to  parts  as  the  process  of 
macro  stress  concentrators  relaxation. 

Thus  the  third  stage  of  plastic  deformation  at  macros¬ 
cale  level  is  also  vortical  process.  But  rotation  of  sample 
parts  are  accompanied  by  crack  propagation  and  fracture  of 
loaded  solid. 

It  is  followed  from  above  mentioned  that  any  theory  of 
plastic  deformation  must  include  into  consideration : 

1)  sources  of  deformation  defects  appearing  in  the 
places  of  possible  stress  concentrators ; 

2)  all  the  possible  relaxational  flows  of  deformation 


defects,  interconnection  of  their  fields  and  their  interconnec¬ 
tions  with  all  interfaces  and  lateral  surface  of  a  solid,  forma¬ 
tion  of  vortical  mesosubstructure ; 

3)  movement  of  three-dimensional  structural  elements 
according  to  the  scheme  “shear  +  rotation”  as  translational- 
rotational  vorteces; 

4)  self-accomodation  of  translational-rotational  vor¬ 
teces  at  all  structural  levels  of  deformation  and  evolution  of 
this  process  during  loading. 

Such  theory  was  developed10)  on  the  basis  of  physical 
mesomechanics  of  heterogeneous  medium.  It  predicts  the 
existance  of  vortical  mechanical  field  in  solid  under  deforma¬ 
tion. 

3.  Vortical  mechanical  field  in  solid  under  defor¬ 
mation 

In  accordance  with  ref.  10)  in  any  solid  under  deforma¬ 
tion  there  arises  the  mechanical  field  which  is  described  by 
the  following  equations : 

div  Sa-fabc(Ab-Sc)=r°/I2» ( 1 ) 
(rot  Sa)M-febe[AbxS%=dRt/dt ,  ( 2  ) 

div  Ra-fabc(Ab-Rc)=0,  (3) 

(rot  RcY-fobc[AbxRcY=\M^-+Ittl‘ll™',  ( 4  ) 

Ct  ot 

In  (1-4)  IaM  =  —  rjlDoViCttfi ,  (£7,  A  /i.  v=l,  2,  3)  ;  Ia0= 
—  pg^tfbyk  Sa— the  change  of  distorsion  tensor  compo¬ 
nent  gradient  as  a  function  of  time,  a= 1, 2,  ***,  9 ;  ;4C— dis¬ 
torsion  tensor  component  gradient,  connected  with  gauge 
field  ;  ct— ultimate  rate  of  gauge  field  propagation  in  hetero¬ 
geneous  medium ;  Ra —bend- torsi  on  tensor  component  gra¬ 
dient  ;  fabc— structural  constants  ;  /ia—group  GL(  3  )  gener¬ 
ators  ;  /c0-gauge  field  sources,  connected  with  the  change  of 
the  local  bench  mark  i)  as  a  function  of  time ;  /cp -flows 
caused  by  local  bench  mark  7?  dimension  change;  Dv—d v 
— 2iMf-covariant  derivative ;  Sa,  Ra-gange  field  strength 
tensor  components;  -elastic  constants;  p- materials 
density ;  /-dimension  of  structural  level,  Z)/-fractal  dimen¬ 
sion. 

In  a  common  case  the  values  of  rotors  of  a  primary  slip 
( 2 )  and  of  accommodational  flows  of  deformation  defects 
(  4  )  are  non-equal  at  the  structural  level  i.  That  is  why  the 
moment  of  momentum  conservation  law  is  not  valid  at  a 
single  structural  level.  For  its  satisfaction  in  the  given  bound¬ 
ary  conditions  several  structural  levels  are  to  be  under 
self-consistent  deformation.  In  accordance  with  this  the 
moment  of  momentum  conservation  law  for  defects  flows  in 
heterogeneous  medium  can  be  written  as  follows : 

2  rot /,=().  (5) 

i=i 

The  equation  (  5  )  is  the  law  of  structural  levels  of  solids 
deformation.  In  accordance  with  this  law  the  sum  of  rotors 
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of  all  deformation  defects  flows  /,-  is  equal  to  zero  in  hierar¬ 
chy  N  of  self-consistent  structural  levels  of  deformation  in  a 
solid  under  loading.  The  law  ( 5  )  leads  to  very  important 
conclusions  about  plastic  deformation  and  fracture  of 
solids33'355. 

The  equation  (1M)  are  similar  to  Maxwell  equations. 
It  is  visible  particularly  if  one  takes  sum  of  equations  (I'M) 
in  the  group  index.  In  this  case  the  field  equations  may  be 
represented  as  follows : 

div  Vi (6) 
rot  Vi—ocui/dt,  (  7 ) 

(rot  <0i)p=(l/c*)*(dyi/dt)M+g*qf(Drijtt)f!PJ\  (  8  ) 

div  <w,  — 0,  (g) 

where  V,-is  velocity  of  translational  flows,  d>t~rotation  angle 
at  structural  level  i. 

Let  us  consider  a  character  of  interaction  of  primary  slip 
rotor  (  7 )  and  accommodational  flows  rotor  (  8  )  within  the 
hierarchy  of  structural  levels. 

The  following  equations  for  V£  =  Vi{t)  and  Wi=Wi(t)  can 
be  obtained  from  (  7  ) ,  (  8  )  : 

A  Yi-{\lc2tH52  \\ jot2)  = 

—  grad  gu7)f  Tjf.  (10) 

&a>,- (l./Cf)-(^  cojot2)= rot  (g  yf)  //20".  (H) 

It  can  be  seen  that  interaction  of  primary  slip  rotor  (  7  ) 
and  accommodational  flows  rotor  ( 8 )  are  described  by 
wave  equations.  The  right-hand  side  of  wave  equations 
shows  that  the  wave  character  of  this  interaction  is  irregular 
being  fading  as  a  function  of  coordinate  and  time.  It  is  quite 
natural  in  dissipative  heterogeneous  medium.  However  in 
special  cases  it  is  possible  to  realize  the  propagation  of 
translation-rotation  waves. 

Such  conditions  are  existing  if  the  length  of  defects  flow 
or  its  stress  field  are  comparable  with  the  cross-section  of  a 
sample.  Then  each  defects  flow  will  be  accompanied  by 
bending  of  a  sample  as  a  whole  what  ensures  the  arising  of 
necessary  stress  concentrators  at  the  opposite  side  of  a 
sample.  Thus  plastic  deformation  wave  can  propagate  with¬ 
out  significant  dissipation  if  it  is  being  multiple  reflected  only 
from  the  lateral  sides  of  loaded  sample.  With  this  its  dissipa¬ 
tion  at  the  interfaces  is  negligible.  Similar  results  were 
obtained  m-6  351  for  anomalous  coarse-grained  samples,  for 
cases  of  deformation  by  shear-bands  and  for  many  cases  of 
'  1‘ocalized  plastic  deformation. 

4.  Experimental  investigations  of  the  theory10’ 
predictions 

Systematical  experimental  research  of  the  theory101 
predictions  was  undertaken  for  materials  with  various  struc¬ 
ture  in  ref. 26—31,  33).  Two  new  methods  for  experimental 
investigation  of  plastic  deformation  on  the  mesolevel  were 
developed.  The  general  principle  of  the  both  methods  is  based 


Fig.  3  Translation-rotation  wave  along  the 
axis  of  tension  in  oolycrystal  of  alloy 
Fe  +  3  at96Si.  T  =  293  K.  grain  size  1  0 
mm.  deformation  1  .e-2.09626-  27’. 


to x  10s 


Fig.  4  Translation-rotation  wave  along  the 
axis  of  tension  in  coarse-grained  Al, 
grain  size  10  mm.  deformation  0  8- 
1 .0%30’. 

on  mesomechanical  analysis  of  surface  microrelief  images 
taken  for  a  solid  under  loading.  The  first  method  uses 
speckle-interferometry  data,  the  second  one  is  related  to 
television-optical  analysis  of  surface  brightness. 

Let  us  consider  the  investigations  of  plastic  deformation 
waves  by  speckle-interferometry  method26'31’.  According  to 
the  mentioned  above,  there  was  undertaken  the  investigation 
of  samples  for  which  plastic  deformation  was  realized  by 
mechanisms  overlaping  a  whole  cross-section  (twinning, 
anomalous  coarse-grained  specimens) . 

It  is  well-known  that  at  sufficiently  high  plastic  deforma¬ 
tion  there  arise  so  called  microbands36'41’,  which  are 
propagating  at  the  angle  45°  to  the  direction  of  tension  (or 
rolling)  regardless  of  material  crystallographic  orientation. 
Their  stress  field  overlap  the  whole  cross-section  of' sample. 
Similar  stress  field  are  formed  by  microtwins  in  alloys  with 
low  shear  stability42’  and  also  within  anomalous  coarse¬ 
grained  specimens18’.  Therefore,  first  of  all  there  were  under¬ 
taken  the  investigations  of  polycrystals  of  alloy  Fe  +  3at.  % 
Si  and  Ai  with  anomalous  coarse  grain  size  10  mm.  Dimen¬ 
sions  of  sample  were  50  mm  x  10  mm  x  1  mm  and  only  1-3 
grains  were  arranged  within  sample  cross-section.  For  such 
specimens  mesomechanical  calculations33'35’  predicted  the 
waves  of  distortion  tensor  components  (shear)  and 
(rotation). 

■  For  experimental  investigation  the  laser  speckle- 
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Fig.  5  The  waves  of  £»  and  w,  within  Luders 
band  in  low  carbon  steel. 


interferometry  method  was  used.  It  allows  to  measure  the 
distribution  within  a  whole  specimen  of  shear  vectors  |r|  and 
their  components  ux  and  uy.  The  field  of  shear  vector  can  be 
transformed  into  the  field  of  distortion  &v=£u+co=4t.  In 
case  of  a  flat  specimen  all  components  of  tensor  can  be 
calculated:  £xz  =  dux/dx,  £yU—Buyldy ,  cXv  =  0.5 (BuyiBx 
—  ouj/dy),  a)j—0.5(duy/dx  —  oux/dy). 

The  results  of  investigations  for  polycrystals  Fe  +  3at. 
?oSi  and  A1  are  shown  in  respectively  Fig.  3  and  Fig.  4.  It 
can  be  seen  that  for  both  cases  wave  character  of  plastic 
deformation  is  revealed  very  dearly.  The  full  phase  correla¬ 
tion  of  cxv  and  c Oz  is  observed  for  Fe  +  3at.  %Si,  in  which  an 
intensive  twinning  is  taken  place  under  tension.  The  oscilla¬ 
tion  frequencies  of  txy  and  ojz  for  A1  polycrystals,  which  are 
being  characterized  by  multiple  sliding,  are  different. 

In  case  of  fine  grained  specimens  plastic  deformation 
waves  within  the  whole  specimen  can’t  propagate  on  account 
of  big  dispersion.  But  in  cases  of  localized  plastic  deforma¬ 
tion  they  are  possible  8,  33-  35). 

For  investigation  of  localized  plastic  deformation  waves 
special  television-optical  method  and  devices  were 
developed33, 34).  The  general  principle  of  this  method  is  based 
on  computer  analysis  of  television-optical  images  of  the 
surface  microrelief  taken  for  a  solid  under  loading.  The 
characteristics  of  the  surface  microrelief  are  measured  by 
television-optical  device  “TOMSC"  (Television-Optical 
Meters  of  Surface  Characteristics).  It  consists  of  an  optical 
microscope  with  assorted  objective  lenses,  an  illumination 
unit,  a  high  resolution  TV  camera,  special-purpose  inter¬ 
faces.  a  power  supply,  a  TV  monitor  and  a  personal  com¬ 
puter.  Magnification  of  optical  images  can  be  varied  in  wide 
range  that  allows  to  investigate  precisely  arbitrary  specimen 
regions  of  any  scale. 

Numerous  investigations  of  localized  plastic  deforma¬ 
tion  showed  its  wave  character.  The  example  of  such  local¬ 
ized  plastic  deformation  wave  for  Luders  band  in  low  carbon 
steel  is  shown  in  Fig.  5. 

In  any  case  if  the  plastic  deformation  wave  of  any  kind 
become  standing  it  leads  to  appearance  of  localized 
translation-roration  vortex  which  is  accompanied  by  solid 
fracture. 


5.  Criteria  and  mechanism  of  fracture 

It  is  accepted  in  traditional  mechanics  and  physics  of 
fracture  that  there  are  initial  microcracks  in  a  real  solid  and 
fracture  is  a  result  of  their  development.  Fracture  is  calcu¬ 
lated  as  a  process  of  crack  propagation  under  the  action  of 
stress  concentrator  w'hich  appears  at  tip  of  a  crack.  Within 
such  approach,  the  mechanics  of  a  solid  under  deformation 
and  fracture  mechanics  had  been  developed  independently 
from  each  other.  Another  approach  based  on  analysis  of 
deformation  rotational  modes  has  been  developed  in 
mesomechanics.  In  such  approach  there  is  no  need  to  postu¬ 
late  existence  of  microcracks  in  initial  state  of  material. 
Translation-rotation  vorteces  at  lower  structural  levels 
cause  appearance  of  microcracks  from  the  very  beginning  of 
plastic  deformation.  In  this  sense,  one  can  say  that  the 
development  of  fracture  takes  place  from  the  very  beginning 
of  plastic  deformation,  in  a  common  case.  However,  two 
stages  of  fracture  are  to  be  distinguished. 

1.  The  first  stage  is  connected  with  translation-rotation 
vorteces  evolution  at  micro-  and  mesolevels.  Translation- 
rotation  vorteces  self-accomodation  causes  continuous 
movement  of  localized  plastic  deformation  weaves  and  the 
formation  of  mesoscopic  interfaces  within  winch  microcraks 
are  appearing  and  developing.  These  processes  don’t  cause 
fracture  of  material. 

2.  The  second  stage  is  connected  with  appearance  of 
translation-rotation  vertex  at  the  upper  structural  level, 
wdien  its  dimensions  become  comparable  with  cross-section 
of  a  specimen.  Such  vortex  is  localized  within  the  certain 
volume  of  specimen  and  doesn’t  move  in  a  space.  Its  evolu¬ 
tion  is  connected  with  development  of  a  primary  slip  flow's. 
Rotor  of  these  flow's  is  not  compensated  by  rotational  modes 
of  accommodational  defects  flow's.  In  the  given  boundary 
conditions,  macrocrack  is  appearing  and  developing  as 
rotational  mode  of  deformation  which  compensates  a  pri¬ 
mary  slip  rotor.  Taking  into  account  the  expressions  for 
rotors  of  primary  slip  (  2  )  and  accommodational  rotational 
flow's  (  4  )  the  criterion  of  fracture  can  be  written  as  follow's 


(rot  /?.>)■.*  ~0.  (12.2) 

Conditions  (12)  are  given  for  the  upper  structural  level, 
comparable  with  dimensions  of  a  specimen.  It  suggests  that 
translation-rotation  vortex  of  a  primary  slip  is  comparable 
with  cross-section  of  a  specimen  and  it  evolves  continuously. 
At  the  same  time,  summary  vortex  of  accommodational 
defect  flows  equals  zero. 

Condition  (12.  2)  predicts  possibility  of  both  brittle  and 
tough  fracture. 

1)  If  all  items  of  (rot  i?,*),-*  in  accordance  with  (  4  ) 


892 


tomtom  m 64  g  (1995) 


Fig.  6  Grain  fragmentation  of  DOlycrystsf  of 
alloy  Pb-1.9at96  Sr,  during  cyclic 
bending.  T  =  293  K.  N  =  1  0J.  x  l  5Gy'. 

equal  zero,  fracture  will  be  brittle.  It  can  be  realized  at  low 
temperatures  and  high  velocity  of  metal  loading,  in  inter- 
metallic  compounds,  ceramics,  chemical  compounds.  How¬ 
ever,  even  in  absolutely  brittle  fracture  there  should  be  signs 
of  a  primary  slip  (12.  1).  Indeed  at  “shores”  of  crack  after 
brittle  fracture  there  are  always  signs  of  slip  lines. 

2)  While  the  summary  rotor  of  accommodational 
defects  flows  equal  zero  its  components  (of  opposite  signs) 
are  not  zero.  It  will  cause  tough  fracture  of  a  material. 
Conditions  of  fracture  (12)  allows  to  formulate  an  important 
consequence  which  can  be  proved  experimentally. 

If  the  summary  rotor  of  all  accommodational  defects 
flows  equal  zero,  a  primary  slip  rotor  should  cause  fragmen¬ 
tation  within  the  region  ot  a  primary  slip  in  given  boundary 
conditions.  In  other  words,  fragmentation  of  a  material 
within  the  region  of  a  primary  slip  must  precede  to  crack 
appearance.  Then,  a  crack  has  to  propagate  as  a  develop¬ 
ment  of  rotational  deformation  mode  along  boundaries  of 
fragments  which  accommodates  a  primary  slip  rotor.  The 
example  of  such  fragmentation  is  shown  in  Fig.  6. 

Fracture  criteria  (12}  give  the  possibility  to  explain  the 
mechanism  of  fatigue  fracture  of  various  materials  and  parts 

of  machines . ’.  The  mesoscale  substructure  developed  as  a 

consequence  of  localized  plastic  deformation  waves  self¬ 
accommodation  during  cyclic  bending  of  polycrystals  of  Pb 
and  alloy  Pb  +  0.5  wt.  ?QSb  is  shown  in  Fig.  7  and  Fig.  8 
respectively. 

For  the  case  of  fig.  7  mesosubstructure  is  being  devel¬ 
oped  a^  a  propagating  of  localized  plastic  deformation 
waves.  \\  hen  this  process  is  accomplished  and  all  a  specimen 
.cross-section  is  overlaped  by  such  mesosubstructure  fracture 
take  place  .  crack  is  propagating  along  the  interfaces  of  this 
mesosubstructure. 

In  the  ca^e  of  fig.8  there  arise  closed  mesoscale  loops. 
\\  hen  the  number  of  bending  cycles  is  small  one  can  observe 
isolated  conglomerates  of  deformed  grains  surrounded  by 
non-deformed  grains.  These  are  isolated  translation-rotation 
vorteces.  As  the  number  of  bending  cycles  has  been  in¬ 
creased,  the  number  of  vorteces  is  also  increased  and  they 


Fig.  7  Mesoscale  substructure  at  the  sur¬ 
face  of  lead  specimen  during  cyclic 
bending.  T  -  £93  K.  N  =  1  O5,  x5021’. 


Fig.  8  Deformed  grains  self-accomodation 
into  closed  loons  at  the  surface  of  fiat 
specimen  of  alloy  Pb  +  0.5wt.  %Sb 
during  cyclic  bending.  T  =  293  K,  des¬ 
troyed.  x  50331. 

form  a  closed  loop  of  dimensions  comparable  with  cross- 
section  of  a  specimen.  The  successive  cyclic  bending 
increases  the  extent  of  primary  slip  in  grains  forming  a  loop. 
This  loop  is  to  be  rotated  as  a  whole.  This  process  causes 
crack  propagation  in  the  region  of  loop  and  then  across  a 
specimen  as  an  accommodational  rotation  relatively  to 
primary  slip  rotor  within  grains  forming  a  loop.  The  kinds  of 
mesosubstructure  in  different  materials  can  be  different. 
However,  the  criterion  (12)  is  universal  :  self¬ 
accommodation  of  translation-rotation  vortexes  is  to  occur 
in  a  scale  of  cross  section  of  a  specimen.  Development  of 
accommodational  rotational  modes  of  plastic  flow  is  to  be 
hampered.  Then  a  crack  propagates  as  an  only  possible 
accommodational  deformation  mode. 

6.  Summary 

The  new  science  developed  at  the  last  decade  physical 
mesomechanics  allowed  to  connect  the  mechanics  of  a  con¬ 
tinuous  medium  (macrolevel)  with  plasticity  physics  (mi¬ 
crolevel).  Mesomechanics  treats  a  solid  under  loading  as  a 
multilevel  selforganizing  system  where  micro-,  meso-  and 
macrolevels  are  organically  interrelated.  It  leads  to  arising 
in  a  solid  under  loading  vortical  mechanical  field  which  is 
described  by  wave  equations. 

Physical  mesomechanics  characterizes  a  solid  plastic 
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deformation  as  self  accommodation  of  translation-rotation 
vorteces.  propagation  of  localized  plastic  deformation  waves 
and  formation  of  mesoscale  substructure.  Evolution  of  a 
mesoscale  substructure  is  accomplished  by  fracture. 

Two  optical  methods  based  on  speckle-interferometry 
and  television-optical  investigation  of  surface  microrelief 
are  developed.  They  allow  to  investigate  the  plastic  deforma¬ 
tion  on  mesoscale  level  and  can  be  used  for  prefracture 
diagnostics.  Experimental  results  confirm  the  prediction  of 
mechanical  field  theory.  Two  kinds  of  devices  for  non¬ 
destructive  testing  of  materials  are  presented. 
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ABSTRACT 

Transmission  electron  microscopy  was  used  to  study  the  effect  of  nitrogen-ion  irradiation  on 
the  microstructure  of  ion-plasma  TiN  coating  deposited  on  a  substrate  of  austenitic  stainless  steel. 
The  principal  peculiarities  of  the  changes  in  the  fine  structure  at  the  substrate-coating  interface 
and  in  the  bulk  of  the  coatings  having  a  thickness  of  several  micrometers  have  been  revealed  for 
the  conditions  of  ion-beam-assisted  deposition  and  plasma-assisted  deposition.  Possible 
mechanisms  for  the  effect  of  ion  irradiation  on  the  microstructure  of  the  substrate-coating 
composition  are  discussed. 

INTRODUCTION 

With  the  widespread  use  of  the  techniques  for  improving  the  service  and  operational 
properties  of  articles  and  tools  by  depositing  type  TiN  coatings,  the  tasks  concerned  with 
increasing  the  adhesion  of  a  coating  to  the  substrate  and  optimizing  the  coating  composition  and 
structural  state  still  remain  actual. 

Currently  a  new,  highly  promising  technique  for  modification  of  the  structure  and  properties 
of  coatings  by  irradiating  the  latter  with  low-energy  (E  <  1 00-1000  eV)  and  high-energy  (E  > 
1-3  keV)  ions  has  been  developed  [1-10],  The  potentialities  of  this  technique  improving  specific 
service  properties  of  coatings,  its  promise  and  fields  of  application  have  motivated  considerable 
interest  in  investigating  the  features  of  the  structural  phase  states  of  coatings  produced  under  the 
conditions  of  ion-beam-assisted  deposition  (IBAD)  and  plasma-assisted  deposition  (PAD). 
A  major  part  of  this  work  was  carried  out  with  TiN  coatings. 

It  has  been  revealed  unambiguously  that  the  adhesion  of  these  coatings  is  improved,  their 
porosity  decreases  [1,  2],  the  torture  changes  [1-3]  and  so  does  the  composition  (including  a 
reduced  contamination  of  the  coating-substrate  interface  with  oxygen  [1,  2,  4]),  and  so  on.  There 
is  some  evidence  [2,  5]  on  the  formation,  upon  ion  irradiation,  of  nanocrystalline  coatings  with  a 
grain  size  d  <  10  nm.  Some  studies  [2,  3],  however,  have  shown  that  the  texture  formation  is 
related  to  a  column-like  growth  of  coatings  and  to  the  absence  of  equiaxial  grains  in  them.  The 
data  on  the  effect  of  ion  irradiation  on  the  level  of  internal  stresses  in  coatings  also  remain 
controversial  [2,  6,  7], 

In  low-energy  ion  irradiation,  because  of  the  absence  of  cascaded  collisions  and  temperature 
peaks,  the  physical  possibilities  for  the  ions  to  affect  the  coating  structure  are  very  limited. 
Nevertheless,  even  for  the  ion  energy  equal  to  some  hundreds  of  electron-volts  a  substantial 
change  in  the  structural  state  of  ceramic  coatings  has  been  found  [2,  8,  9],  in  particular,  a  decrease 
in  their  porosity  [2],  formation  of  equiaxial  grains  instead  of  a  columnar  structure,  etc.  It  is 
supposed  [2,  9,  10]  that  in  this  case  the  principal  factors  affecting  the  structure  of  a  growing 
structure  are  an  increased  mobility  of  adatoms  and  atomic  mixing  in  a  thin  (2-3  interatomic 
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distances)  surface  layer. 

In  general,  however,  not  only  the  physical  mechanisms  of  the  effect  of  low-energy  and  high- 
energy  ion  irradiation  of  the  structure-phase  state  of  coatings  remain  obscure,  but  even  the 
principal  regularities  of  the  structure  formation  under  varied  conditions  of  the  coating  deposition 
have  not  been  found. 

In  view  of  the  preceding,  we  have  performed  electron  microscopic  examination  of  the 
structure-phase  state  of  a  surface  layer  (A h  <  200  nm)  of  the  substrate  (type  X17H14  austenitic 
stainless  steel)  after  removal  of  a  preliminarily  deposited  TiN  coating,  the  structure  of  a  thin  (A h  < 
200  nm)  layer  of  this  coating  adjacent  to  the  substrate,  and  the  microstructure  of  the  surface  layer 
of  a  coating  of  thickness  A H ~  3  pm  deposited  in  standard  conditions  and  in  conditions  where  the 
growing  coating  is  being  irradiated  with  low-energy  (E  <  100  eV)  nitrogen  ions. 

EXPERIMENTAL  TECHNIQUE 

Used  as  a  substrate  was  austenitic  stainless  steel  of  composition  Fe-17.2Cr-14.4Ni-2.3Mo- 
l.lMn  (wt.%).  Preliminary  investigations  have  shown  that  the  deposition  of  TiN  coatings  under 
D3AD  and  PAD  conditions  results  in  the  formation  at  the  coating-substrate  interface  of  type 
(FeCrNiTijCLN^  oxynitrides  that  reduce  adhesion.  Therefore,  the  substrate  was  preliminarily 
cleaned  by  electropolishing,  which  followed  by  deposition  of  a  thin  (A h  <30  nm)  TiN  layer  and 
mixing  of  the  layer  with  the  substrate  by  implanting  Ti+  and  N*  (Ti/N  =1)  ions  of  energy  E  = 
30  keV  with  a  dose  of  5xl016  cm-2.  On  doing  this,  a  thin  TiN  layer  with  a  nanocrystalline 
structure  (grain  size  d  <  50  nm)  and  low-intense  internal  stresses  was  formed  on  the  substrate 
surface  with  no  sharp  boundary  between  the  layer  and  the  substrate.  The  dislocation  density 
reached  p  »  1011  cm-2  in  the  surface  layer  of  the  substrate  and  gradually  decreased  with  depth  to 
its  initial  value  p0  «  2x10s  cm-2. 

Coatings  were  deposited  by  arc  sputtering  of  Ti  in  the  atmosphere  of  molecular  nitrogen  at  its 
partial  pressure  «  10-4  Torr.  The  substrate  temperature  therewith  was  kept  equal  to  T  = 
550  °C  (mode  I). 

Ion-plasma-assisted  deposition  of  coatings  was  performed  under  the  above  conditions  with 
simultaneous  treatment  of  the  coating  by  nitrogen  plasma  with  a  nitrogen  ion  energy  of  E  « 
100  eV.  The  substrate  temperature  therewith  was  T  <  400  °C  (mode  II).  I 

Transmission  electron  microscopy  (TEM)  combined  with  microdiffraction  and  a  dark-field 
analysis  of  disorientations  [11,  12]  has  made  it  possible  to  elucidate  the  features  of  the  fine 
structure  of  coatings  (in  particular,  the  variation  of  the  fine  structure  with  coating  thickness)  and 
to  estimate  the  intensity  of  internal  stresses  and  the  changes  in  phase  composition  and  texture. 

The  structure  of  the  coating  thin  layer  adjacent  to  the  substrate  was  investigated  with  foils 
prepared  by  two  methods.  First,  TiN  coatings  of  thickness  A h  <  200  nm  were  deposited  on  the 
substrate  and  one-sided  jet  electropolishing  was  performed  on  the  substrate  side.  Second,  coatings 
of  thickness  A H=  2-3  pm  were  preliminarily  thinned  by  ion  etching  of  the  surface  to  a  thickness 
of  150-200  nm,  which  was  followed  by  one-sided  jet  electropolishing  on  the  substrate  side. 

To  prepare  a  foil,  on  the  side  of  the  external  layer  of  a  coating,  initially  the  substrate  was 
removed  by  electrolytic  polishing  and  then  the  coating  was  thinned  by  ion  etching. 

RESULTS 

Features  of  the  microstructure  of  coatings  produced  in  mode  I 

In  examination  of  the  microstructure  of  a  thin  (A A  <  150  nm)  layer  of  the  TiN  coating 
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adjacent  to  the  substrate,  an  almost  annular  electron-diffraction  pattern  is  found  (Fig.  la),  which 
testifies  to  a  high  fineness  of  the  coating  structure  immediately  at  the  surface  and  in  the 
neighborhood  of  the  substrate-coating  interface.  Electron-diffraction  analysis  has  shown  that  the 
electron-diffraction  pattern  corresponds  with  the  TiN  phase  whose  lattice  parameter  is  a  = 
0.425±0.002  nm.  Dark-field  electron  micrographs  (Fig.  1  b)  attest  that  the  average  grain  size  in  the 
layer  under  examination  is  d ~  25  nm  and  the  grain  is  equiaxial  in  shape.  Thus,  the  structural  state 
of  the  coating  layer  adjacent  to  the  substrate  is  typically  a  nanocrystalline  state  with  chaotically 
disoriented  equiaxial  grains. 

At  the  same  time,  the  layer  under  consideration  shows  regions  with  a  substantially  dissimilar 
substructure.  This  structure  is  characterized  by  quasi-annular  electron-diffraction  patterns  (Fig.  lc) 
with  pronounced  structural  maxima  that  testify  to  the  existence  of  prevailing  orientations.  Dark- 
field  analysis  (Fig.  1  d)  indicates  that  in  this  case  TiN  grains  are  thin  plates  with  dimensions  of 
some  fractions  of  a  micrometer  and  large-angle  (0  >  15°)  disorientations. 

As  the  coating  is  increased  to  A H  =  2-3  pm,  its  microstructure  changes.  First  of  all,  a  clearly 
pronounced  texture  with  <1 12>  and  <1 1 1>  directions  of  the  normal  to  the  coating  surface  being 
dominant  has  been  found  in  the  external  surface  layer  of  the  coating.  Obviously,  this  is  a  growth 
texture,  since  it  is  not  observed  in  the  coating  thin  (Ah  <  200  nm)  layer  adjacent  to  the  substrate. 
While  the  texture  type  depends  not  only  on  the  anisotropy  of  the  surface  energy  of  TiN  crystals 
but  also  on  the  stoichiometry  of  the  growing  coating,  on  the  adsorption  of  impurities,  on  the 
growth  rate,  etc.,  the  accord  of  the  texture  we  observed  with  the  data  available  in  the  literature 
[1-4]  is  evidence  that  the  conditions  under  which  we  produced  our  coatings  are  typical  of 


Fig.  1.  Electron-diffraction  patterns  (a,  b )  and  dark-field  images  (c,  d)  of  a  thin  (<  200  nm)  TiN 
coating  deposited  in  the  mode  I,  taken  from  areas  with  equiaxial  (a,  b)  and  lamellar  (c,  d) 
nanocrystalline  grain  structure. 
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Fig.  2.  Electron-diffraction  pattern  (a),  a  light-field  image  (b),  and  a  dark-field  image  (in 
reflexes  1  (c)  and  2  id)  shown  in  the  electron-diffraction  pattern)  of  the  microstructure  of  the 
surface  layer  of  a  3-pm  TiN  coating.  Arrows  I  and  II  in  b,  c,  d  show  identical  areas  of  the 
microstructure. 

processes  like  these. 

We  have  been  able  to  observe  for  the  first  time  the  essential  features  of  the  coating  structure  as 
follows:  First,  the  grain  structure  of  a  coating  cannot  be  observed  electron-microscopically  not 
invoking  a  special  analysis.  The  dark  lines  that  resemble  in  appearance  the  grain  boundaries  in 
light-field  images  (Fig.  2b)  are  in  reality  extinction  contours.  Discrete  large-angle  disorientations 
are  found  only  in  a  dark-field  analysis  of  disorientations.  Thus,  the  neighboring  grains  I  and  II  in 
Fig.  2b  turn  out  to  be  in  the  precisely  reflecting  positions  (Fig.  2c,d)  in  those  reflexes  whose 
disorientation  angle  between  their  vectors  is  0  >  20°  (Fig.  2a). 

Second,  it  turned  out  that  the  TiN  grains  revealed  in  dark-field  analysis  show  a  distinctive 
substructure  with  a  continuous  disorientation  corresponding  with  an  extremely  high  curvature  of 
the  lattice  in  individual  grains.  The  continuous  disorientation  is  indicated  and  measured  for  the 
crystallographic  planes  perpendicular  to  the  incident  electron  beam  by  the  continuous 
displacement  of  extinction  contours  when  the  specimen  is  inclined  in  the  goniometer.  The 
curvature  of  the  planes  parallel  to  the  electron  beam  is  estimated  [11,  12]  by  measuring  the 
angular  dimensions  of  the  diffraction  maxima  and  the  width  of  the  extinction  contour.  The 


measurements  performed  yield  the  lattice  curvature  K  ~  25-45  deg./pm. 

Assuming  that  the  so  found  curvature  values  correspond  with  elastic-plastic  deformation  of 
the  lattice,  the  densities  of  the  dislocation  charges  equivalent  to  the  curvature  (same-sign 
dislocation  densities)  have  been  estimated  to  be  p±  =  (l-3)xlOn  cm-2.  The  local  internal  stresses 
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corresponding  to  these  p±  values  reach  oB  «  G/30  —  G/80  (with  G  being  the  shear  modulus  for 

TiN). 

There  is  no  doubt  that  the  development  of  the  above  peculiarities  of  the  coating  thin  structure, 
corresponding  with  the  presence  of  high  nonuniform  internal  stresses,  is  related  to  the 
nonequilibrium  processes  involved  in  the  formation  of  coatings,  in  particular,  to  the  formation  of  a 
columnar  structure.  This  structure  seems  to  prevent  the  formation  of  a  grainy  structure. 

Features  of  the  microstructure  of  coatings  produced  under  the  conditions  of  PAD  ./mode  IT) 

It  has  been  found  that  the  structure  of  the  thin  (AA  <  200  nm)  layer  of  a  TiN  coating  produced 
in  mode  II,  adjacent  to  the  substrate,  is  absolutely  identical  to  that  observed  for  coatings  deposited 
in  mode  I.  The  typical  structural  state  for  the  above  thin  layers  is  a  nanocrystalline  state  with 
equiaxial  grains  having  dimensions  ^  50  nm. 

However,  low-energy  plasma  treatment  modifies  qualitatively  the  microstructure  of  the 
coating  as  it  grows.  First,  the  formation  of  a  growth  texture  is  suppressed,  which  is  evidenced  by 
the  diffraction  pattern  characteristic  of  a  chaotically  disoriented  fine-grained  structure  (Fig.  3  a). 
Second,  the  formation  of  a  defect  substructure  with  a  highly  curved  lattice  and  intense  internal 
stresses  is  prevented.  This  has  been  elucidated  by  dark-field  analysis  of  disorientations.  In  this 
case,  the  electron-microscopic  contrast  has  features  of  a  well-formed  grain  structure,  with  the 
contrast  intensity  sharply  changing  at  the  grain  boundaries  and  being  highly  uniform  within 
individual  grains  (Fig.  3  b).  The  latter  testifies  to  an  insignificant  curvature  of  the  lattice  and, 
hence,  to  the  absence  of  intense  local  internal  stresses.  The  grain  size  found  from  dark-field 
images  is  0. 1-0.2  pm  (Fig.  3c). 

Thus,  under  the  conditions  of  exposure  to  low-energy  plasma  (E  <  100  eV),  TiN  coatings 
show  changes  (formation  of  an  equiaxial  grain  structure  instead  of  a  columnar  one,  changes  in 


Fig.  3.  Diffraction  pattern  (a)  and  light- 
field  ( b )  and  dark-field  (c)  images  of  the 
microstructure  of  the  surface  layer  of  a 
3-pm  TiN  coating  deposited  in  mode  II. 


crystallographic  texture,  reduced  internal  stresses)  similar  to  those  found  earlier  [1-7]  for  the 
IBAD  conditions.  This  suggests  that  the  dominant  factor  in  these  changes  is  the  increased  mobility 
of  adatoms. 
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ABSTRACT 


The  application  of  a  magnetic  field  to  the  dis¬ 
charge  gap  of  a  vacuum  arc  increases  the  average 
charge  of  the  ion  flow  and,  with  an  elevated  gas  pres¬ 
sure  (10_5-10"4  Torr),  to  the  appearance  of  gas  ions  in 
the  discharge  plasma.  The  paper  presents  the  results  of 
an  experimental  investigation  into  the  charge  compo¬ 
sition  of  the  vacuum  arc  plasma.  A  probable  physical 
mechanism  for  the  above  changes  is  discussed. 

1.  INTRODUCTION 


The  vacuum  arc  is  a  well-known  type  of  dis¬ 
charge.  The  vacuum  arc  studies  were  reviewed  in  de¬ 
tail  by  Lafferty  [1],  Mesyats  [2],  and  Kimblin  [3]. 
During  the  operation  of  a  vacuum  arc,  evaporation  and 
ionization  of  the  cathode  material  occur  in  cathode 
spots,  small  hot  regions  on  the  cold  cathode  surface. 
The  cathode  spots  of  a  vacuum  arc  eject  flows  of 
highly  ionized  cathode-material  plasma.  All  ion  spe¬ 
cies  make  up  about  one-tenth  of  the  vacuum  arc  cur¬ 
rent.  However,  there  is  no  generally  accepted  view  on 
the  processes  occurring  in  a  vacuum  arc  cathode  spot. 
This  is  due  to  the  difficulties  encountered  in  experi¬ 
mentally  studying  vacuum  arc  cathode  spots  being 
small  regions  with  high-density  plasma. 

The  impossibility  of  using  probe  techniques 
calls  for  application  of  "noncontact"  techniques  to 
study  the  vacuum  arc,  such  as  spectroscopy  and  probe 
measurements  of  tire  parameters  of  the  expanding 
cathode  plasma  away  from  the  cathode  spot,  in  the 
regions  where  it  is  possible  to  use  probes  and  to  meas¬ 
ure  charge  distributions  for  the  ions  emitted  by  the 
cathode  spot.  Brown  [4]  investigated  the  charge  com¬ 
position  for  all  cathode  materials  present  in  Men¬ 
deleyev's  table,  using  the  time-of-flight  technique.  It 
has  been  shown  |5,  61  that  the  charge  distribution  of 
the  ion  flow  from  the  cathode  is  affected  bv  the  applied 
magnetic  field.  Although  a  vacuum  arc  may  exist  at 
any  low  pressure,  increasing  the  pressure  in  a  dis¬ 
charge  gap  results  in  a  change  in  the  charge-state  dis¬ 
tribution  in  the  ion  flow  and  even  in  the  appearance  of 
gas  ions  in  the  vacuum  arc  plasma  [6,  7).  These  effects 


are  interesting  from  the  viewpoint  of  studying  the 
processes  occurring  in  a  vacuum  arc  cathode  spot. 

On  the  other  hand,  the  interest  in  studying 
the  vacuum  arc  is  related  to  its  application  as  a  plasma 
generator  for  vacuum-arc  sprayers  and  for  ion  sources 
of  the  mevva  type  [8].  The  capability  of  this  type  of 
device  to  produce  simultaneously  gas  and  metal  ions 
offers  promise  for  the  creation  of  oxide,  nitride,  and 
other  compounds  of  the  surfaces  of  solids. 

2.  EXPERIMENTAL  SETUP 


Experiments  were  carried  out  on  a  test  bench 
of  Plasma  Application  group  at  Lawrence  Berkeley 
National  Laboratory  with  a  time-of-flight  mass  spec¬ 
trometer  and  an  ion  source  of  the  mewa-V  type.  A 
detailed  description  of  the  mass  spectrometer  is  given 
in  Ref.  9,  and  the  design  and  principle  of  operation  of 
the  inewa-V  ion  source  are  described  in  Ref.  10.  The 
mcvva-V  ion  source  was  slightly  modified,  so  that  a 
solenoid  creating  a  pulsed  magnetic  field  of  up  to  10 
kG  was  placed  near  the  cathode.  The  magnetic  field 
pulse  duration  was  over  1  ms,  which  was  much  longer 
than  the  vacuum  arc  operation  time  (200  (is).  The 
magnetic  field  changed  within  the  arc  operation  time 
by  no  more  than  20%.  To  initiate  a  vacuum  arc,  we 


used  pulsed  (50  ps)  plasma  ignition  which  is,  in  our 
opinion,  more  reliable  than  the  ignition  by  a  surface 
discharge  over  ceramics  [11].  A  schematic  diagram  of 
the  ion  source  is  given  in  Fig.  1.  Gas  was  allowed  to 
bleed  directly  into  the  cathode  region.  The  data  re¬ 
ported  here  were  obtained  for  an  A1  cathode  and  oxy¬ 
gen. 

During  the  operation  of  the  vacuum  arc,  the 
anode  cavity  of  the  ion  source  was  filled  with  the 
plasma  flowing  out  from  the  cathode  spots.  The  anode 
plasma  served  as  a  medium  from  which  an  ion  beam 
was  formed.  The  charge  and  mass  composition  of  the 
beam  was  analyzed  on  the  time-of-flight  mass  spec¬ 
trometer  placed  at  a  distance  of  1 .2  m  from  the  extrac¬ 
tor  system  situated  on  the  other  end  of  the  chamber. 
The  instant  the  charge  spectra  of  the  ion  beam  ex¬ 
tracted  from  the  anode  plasma  was  lagged  by  100  ps 
behind  the  instant  the  vacuum  arc  was  ignited. 
Therefore,  the  charge  composition  of  the  ion  beam  was 
determined  by  the  processes  in  the  discharge  gap  of 
the  vacuum  arc  and  was  not  related  to  the  ignition  of 
the  arc  and  to  the  transient  processes  that  took  place 
during  the  ignition  [12].  The  vacuum  arc  current  was 
250  A.  The  pressure  measured  in  the  vacuum  chamber 
was  varied  by  varying  the  flow  rate  of  the  gas  supplied 
to  the  ion  source. 

Before  measuring  the  charge  and  mass  com¬ 
position  of  the  ion  beam,  it  is  necessary  to  ensure  tliat 
the  transportation  of  the  beam  from  the  extractor  to 
the  time-of-flight  spectrometer  at  an  elevated  pressure 
of  the  residual  gas  changes  the  charge  spectrum  of  the 
beam  only  slightly.  Figure  2  shows  the  variation  in  ion 
beam  composition  for  the  accelerating  voltage  ranging 
from  10  to  50  kV.  With  this  change  in  accelerating 
voltage,  the  time  of  flight  of  an  ions  changes  more 


Fig.  2.  Ion  beam  current  versus  acceleration  voltage. 


than  twice,  and  the  charge-exchange  cross  section 
should  change  substantially.  Nevertheless,  the  ion  dis¬ 
tributions  in  charge  and  type  change  insignificantly. 
We  have  measured  these  distributions  for  various 
magnetic  fields  and  pressures  and  have  found  that  the 
beam  transportation  to  a  large  distance  introduces  an 
error  over  20%  into  the  measurements. 

3.  RESULTS 


Increasing  the  pressure  in  the  discharge  gap 
of  a  vacuum  arc  vanes  the  ion  beam  charge  composi¬ 
tion,  as  shown  in  Fig.  3.  It  can  be  seen  that  increasing 
pressure  decreases  the  fraction  of  multiply  charged 
ions.  With  a  pressure  over  5x10^*  Torr,  the  ion  beam 
consists  only  of  single-charged  aluminum  ions.  Note 
tliat  with  no  magnetic  field,  the  vacuum  arc  plasma  is 
free  of  gas  ions. 


Fig.  3.  Ion  beam  current  fraction  versus  gas  pressure 
with  no  magnetic  field. 


Gas  ions  appear  in  the  vacuum  arc  plasma 
when  a  magnetic  field  is  applied  to  the  discharge  gap 
while  the  latter  is  being  filled  with  gas.  Figure  4  shows 
the  ion  beam  composition  as  a  function  of  the  mag¬ 
netic  field  for  a  gas  pressure  of  1.2xl0-5  Torr.  The 
average  charge  of  aluminum  ions  increases  with  mag¬ 
netic  field.  It  can  be  seen  that  the  single-charge-ion 
fraction  decreases,  the  double-charge-ion  fraction  ini¬ 
tially  increases  and  then  decreases,  while  the  triple¬ 
charge  fraction  increases  continuously.  With  that,  as 
the  magnetic  field  is  further  increased,  the  average 
charge  of  aluminum  ions  continues  to  increase.  The 
oxygen  ion  fraction  reaches  its  maximum  at  a  mag¬ 
netic  field  of  1.5  kG.  With  further  increasing  magnetic 
field,  the  molecular  ion  fraction  decreases.  Note  that 


Fig.  4.  Ion  beam  current  fraction  versus  magnetic 
field,  p-  1.2x  10"4  Torr. 

tlie  magnetic  field  dependencies  for  all  species  tend  to 
saturate. 

Similar  dependencies  for  a  higher  pressure 
are  given  in  Fig.  5.  It  can  be  seen  that  application  of  a 
magnetic  field  causes  an  increase  in  the  charge  of 
aluminum  ions.  The  magnetic  field  at  which  the  ap¬ 
pearance  of  oxygen  ions  becomes  noticeable  is  lower 
than  for  tlie  preceding  case,  while  the  magnetic  field  at 
which  tlie  oxygen  ion  fraction  reaches  its  maximum  is 
higher. 


Fig.  5.  Ion  beam  current  fraction  versus  magnetic 
field,  p  -  5x10^  Torr. 

Figure  6  presents  the  dependence  of  the  ion 
beam  composition  on  gas  pressure.  It  can  be  seen  that 
increasing  pressure  decreases  tlie  charge  of  aluminum 


Gas  pressure,  torr 


Fig.  6.  Ion  beam  current  fraction  versus  gas  pressure. 
B  =  10  kG. 

ions.  With  that,  the  oxygen  ion  fraction  increases 
reaching  70%  of  the  beam  current  at  a  pressure  of 
5x10^  Torr. 

We  also  measured  similar  dependencies  for 
other  gas  and  metal  ions.  With  the  quantitative  dififer- 
cncics  seen  in  these  dependencies,  they  show  the  same 
trends:  (i)  increasing  magnetic  field  increases  the 
fraction  of  multiply  charged  ions  of  the  metal;  (ii)  in¬ 
creasing  gas  pressure  decreases  this  fraction,  and  (iii) 
with  an  applied  magnetic  field  at  a  gas  pressure  over 
10'5  Torr,  gas  ions  appear  in  the  vacuum  arc  plasma. 

4.  DISCUSSION 


Despite  tlie  fact  that  the  effect  of  the  gas  type 
and  pressure  on  the  charge  composition  of  the  plasma 
flow  generated  by  a  vacuum  arc  cathode  spot  lias  been 
studied  experimentally  by  a  number  of  investigators 
that  have  obtained  similar  results,  it  seems  that  there 
is  no  consensus  on  the  mechanism  of  this  process.  The 
effect  of  the  gas  is  reduced  to  the  following  processes 
occurring  in  the  vacuum  arc  plasma:  charge  exchange 
between  the  metal  ions  and  the  metal  vapor  neutrals 
[13],  charge  exchange  between  tlie  metal  ions  and  gas 
molecules  and  atoms  [13,  14],  and  recombination  of 
the  metal  ions  with  the  plasma  electrons  [15].  The 
appearance  of  the  gas  ions  is  accounted  for  either  by 
the  ionization  of  the  gas  by  the  plasma  electrons  [15] 
or  by  the  charge  exchange  of  the  metal  ions  with  the 
gas  neutrals  [14].  This  discrepancy  in  explanations  is 
due  to  the  difficulties  encountered  in  studying  experi¬ 
mentally  the  vacuum  arc  plasma  in  the  cathode  region 
which  seems  to  be  just  the  place  where  charged  parti¬ 
cles  are  generated. 


In  our  experiment,  increasing  pressure  with 
no  magnetic  field  always  reduced  the  charge  of  the 
metal  ions,  and  gas  ions  did  not  appear  in  the  plasma. 
The  fact  of  the  absence  of  gas  ions  as  itself,  with  the 
gas  having  a  significant  efTcct  on  the  charge  composi¬ 
tion  of  the  plasma,  points  in  support  of  the  supposi¬ 
tions  tliat  the  ion  cliarge  decreases  due  to  the  charge 
exchange  between  the  metal  ions  and  the  metal  ions 
and  atoms  or  due  to  the  recombination  in  triple  colli¬ 
sions  with  a  gas  atom  being  the  third  particle.  How¬ 
ever,  recombination  collisions  cannot  play  a  substan¬ 
tial  role  within  the  pressure  and  plasma  density  ranges 
under  consideration.  For  metal  ions,  the  most  probable 
mechanism  for  charge  exchange  is  a  stepwise  charge 
exchange  of  the  type 

Mtn  +  Mti  =  Ivr'"1 +M+*  +  1,  (1) 

where  n  and  k  are  charge  numbers,  such  that  n>  k. 

The  cross  section  for  the  charge  exchange 
with  the  native  atoms  and  ions  is  much  greater  than 
that  for  the  charge  exchange  with  the  gas  atoms, 
whose  electron  shells  are  constructed  in  another  fash¬ 
ion,  and  equals  10'H  cm2.  For  single-charge  ions,  the 
cross  section  for  the  charge  exchange  with  metal  neu¬ 
trals  o+*  u,  depending  on  the  energy,  can  be  ex¬ 
pressed  ;ts  [16]. 

a+l_>0=>l(l  -B  ln£)2,  (2) 

where  A  and  B  are  constants  depending  on  the  mate¬ 
rial  and  E  is  the  kinetic  energy  of  the  metal  ion. 

A  decrease  in  ion  energy  may  result  in  a  sev- 
cralfold  increase  in  charge-exchange  cross  section. 
Thus,  according  to  (2),  as  E  for  aluminum  ions  is  de¬ 
creased  from  20  to  2  eV,  g,i‘>0  increases  from  4xl0  ls 
to  l.lxlO'14  cm2.  On  the  other  hand,  collisions  of 
metal  ions  with  gas  atoms  may  result  in  a  decrease  in 
E ,  and  the  resulting  increase  in  charge-exchange  cross 
section  may  account  for  the  effect  of  the  gas  on  the 
change  in  charge.  Furthermore,  collisions  resulting  in 
large-angle  scattering  may  also  lengthen  the  ion  trajec¬ 
tories  wliich  in  turn  may  increase  the  number  of  ions 
participating  in  charge  exchange. 

The  cross  section  for  the  charge  exchange  of 
multiply  charged  ions  is  greater  than  cr*1  ’ u: 

a*"~* 0  cc  na  (o  =  2-5)  (3) 

and  the  ions  with  a  large  n  should  be  the  first  to  enter 
into  the  reaction.  This  accounts  for  the  more  rapid  fall 
in  the  content  of  Af 3  ions  with  increasing  pressure. 
Since  reactions  of  the  type  (1)  are  forbidden  for  n  <  k, 
charge  exchange  reduces  the  fraction  of  multiply 
charged  ions  and  increases  the  fraction  of  single¬ 
charge  ions.  As  a  result  of  the  charge  exchange  proc¬ 
ess,  the  net  ion  charge  does  not  change  but  there  takes 
place  its  redistribution  between  the  particles  participat¬ 
ing  in  the  reaction.  Actually,  charge  exchange  of  the 

type 

(4) 


does  not  cause  any  change  in  the  charge  composition 
of  the  plasma  flow.  The  final  product  of  these  proc¬ 
esses  should  be  a  flow  of  single-charged  metal  ions,  as 
this  is  just  observed  in  experiment.  This  mechanism  is 
plausible  when  the  average  charge  of  the  metal  ions 
and  atoms  emitted  by  a  cathode  spot  is  lower  than  or 
equal  to  unity.  This  means  that  the  vapor  fraction  of 
the  ejected  cathode  material  is  greater  than  the  ion 
fraction.  The  fact  that  the  total  mass  lost  by  a  cathode 
during  the  operation  of  a  vacuum  arc  is  greater  than 
the  mass  of  the  ion  flow  [17],  this  mechanism  is  quite 
plausible,  especially  for  low-melting-point  materials. 

A  magnetic  field  applied  to  a  vacuum  arc 
causes  an  increase  in  the  average  charge  of  the  metal 
ions.  This  perhaps  is  a  manifestation  of  the  increasing 
role  of  ionization  processes  in  the  plasma.  As  the 
magnetic  field  is  increased,  the  plasma  electrons  begin 
to  ionize  the  gas,  and  gas  ions  appear  in  the  vacuum 
arc  plasma.  Actually,  the  gas  ion  fraction  is  greater  for 
a  gas  with  a  lower  ionization  potential,  the  pressure 
and  the  magnetic  field  being  the  same. . 

5.  CONCLUSION 


Thus,  the  charge  state  spectrum  of  the  metal 
ions  in  the  plasma  of  a  vacuum  arc  at  an  elevated  gas 
pressure  in  the  presence  of  a  magnetic  field  is  affected 
by  two  competing  processes:  the  charge  exchange  tliat 
reduces  the  fraction  of  highly  charged  ions  and  the 
electron-impact  ionization  that  increase  this  fraction. 
The  appearance  of  gas  ions  in  the  vacuum  arc  plasma 
is  perhaps  due  to  the  ionization  of  the  gas  by  the 
plasma  electrons. 
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ABSTRACT 

Triggering  systems  for  vacuum  arc  plasma  sources  and  ion  sources  have  been  developed  that  make 
use  of  a  gaseous  trigger  discharge  in  a  strong  magnetic  field.  Two  kinds  of  trigger  discharge 
configurations  have  been  explored,  a  Penning  discharge  and  a  magnetron  discharge.  The  approach 
works  reliably  for  low  gas  pressure  in  the  vacuum  arc  environment  and  for  long  periods  of 
operation  between  required  maintenance:  pressures  in  the  mid-10'6  Torr  range  and  for  106 
pulses. 
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1.  INTRODUCTION 


Vacuum  arcs  are  widely  used  as  plasma  generators  for  metal  ion  beams  and  plasma  flow 
sources  [1-5].  A  major  field  of  application  is  for  surface  modification  technology  [6],  and  there  is 
also  much  interest  in  the  application  of  vacuum  arc  ion  sources  as  ion  injectors  for  heavy  ion 
accelerators  [7].  There  is  a  need  for  increasing  the  lifetime  between  required  maintenance  of  these 
devices,  and  an  important  part  of  this  concern  has  to  do  with  the  triggering  system  employed. 

One  kind  of  commonly-used  vacuum  arc  triggering  system  is  based  on  cathode  spot  ignition 
by  the  plasma  produced  by  flashover  discharge  across  a  dielectric  surface  [8].  Advantages  of  this 
method  include  its  simplicity,  relatively  stability  of  operation,  and  low  trigger  energy  compared  to 
the  main  arc  discharge  energy.  As  a  rule  the  cathode  spot  is  first  formed  at  the  metal-dielectric 
boundary.  Because  of  the  dense,  high-temperature  plasma  in  the  cathode  spot,  this  leads  to 
erosion  of  the  dielectric  and/or  (in  different  regions)  to  metal  film  deposition  on  the  insulator 
surface.  These  factors  limit  the  lifetime  of  this  kind  of  triggering  system  to  ~105  pulses,  or  less  for 
high  arc  current  operation. 

A  gaseous  pre-discharge  could  provide  an  alternative  approach  to  cathode  spot  ignition.  The 
glow-to-arc  transition  has  been  used  for  plasma  triggering  [9,10],  but  this  requires  a  high 
background  gas  pressure  of  about  0.1  -  1.0  mTorr.  Even  though  the  pressure  is  negligibly  small 
compared  to  the  pressure  within  the  cathode  spot,  the  presence  of  this  small  amount  of  background 
gas  can  cause  a  decrease  in  the  fraction  of  high  charge  state  ions  in  the  vacuum  arc  plasma  as  well 
as  decreasing  the  total  extracted  ion  current  [11,12], 

This  paper  describes  an  experimental  investigation  of  vacuum  arc  trigger  systems  that  are 
based  on  the  low  pressure  glow  discharge.  To  allow  operation  at  low  gas  pressure,  a  special  type 
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of  glow  with  electron  oscillation  in  crossed  electric  and  magnetic  fields  was  used,  and  a  strong 
magnetic  field  was  also  applied  to  yet  further  lower  the  required  operational  pressure.  This  work 
was  carried  out  collaboratively  between  the  Berkeley  and  Tomsk  laboratories. 


2.  EXPERIMENTAL  SET-UP 

Two  closely-related  kinds  of  gaseous  discharges  in  crossed  electric  and  magnetic  fields  are  the 
Penning  and  magnetron  discharges.  The  geometries  of  these  two  discharges  are  different  but  the 
physical  processes  are  similar.  In  both  cases  the  electrons  are  partially  confined  by  the  magnetic 
field  and  consequently  have  a  long  lifetime  within  the  discharge  gap.  In  general  electrons  can  reach 
anode  after  they  have  lost  most  of  their  energy  by  excitation  and  ionization.  With  a  low  current, 
high  voltage  (several  kV)  discharge  the  lower  pressure  limit  can  be  in  the  10'8  Torr  range,  although 
for  stable  triggering  a  low  voltage  (several  hundred)  mode  of  operation  with  higher  density  plasma 
is  preferred. 

We  have  investigated  both  Penning  and  magnetron  discharge  geometries  in  the  vacuum  arc 
triggering  experiments  reported  here.  These  kinds  of  systems  are  indicated  schematically  in  Figure 
1.  The  Penning  system  shown  Figure  1(a)  is  formed  by  two  opposing  electrodes  (cathodes)  with 
a  hollow  anode  located  between  them.  The  magnetron  system  (Figure  1(b))  consists  of  two 
cylindrical  electrodes  -  a  cathode  and  trigger,  with  the  latter  serving  also  as  the  magnetron  anode. 
For  both  systems  the  main  arc  is  ignited  between  the  cathode  and  the  hollow  anode,  and  a  small 
solenoidal  coil  is  used  in  both  cases  to  establish  a  magnetic  field  in  the  plasma  region.  Because  of 
the  pulsed  operating  mode  and  the  small  size  of  the  coil  it  is  possible  to  produce  a  magnetic  field  as 
strong  as  1  to  2  T.  A  small  gas  flow  is  admitted  to  the  trigger  discharge  gap  region;  this  leads  to 
only  a  small  increase  in  the  pressure  both  in  the  discharge  region  and  in  the  cathode  spot  region. 
The  triggering  concept  is  the  same  for  both  the  Penning  and  magnetron  discharges,  as  can  be  seen 
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from  Figures  1(a)  and  1(b).  Discharge  of  capacitor  Cj  provides  the  coil  current  and  the  magnetic 
field  in  the  gap.  Ignition  of  the  Penning  or  magnetron  discharge  is  supported  by  the  high  voltage 
(several  kV),  low  current  (about  0.1  A)  power  supply  II.  At  the  same  time  capacitor  C2,  also 
charged  to  the  same  high  voltage  by  power  supply  II,  is  discharged  to  provide  an  additional  short 
(~10  |is)  current  pulse  whose  value  exceeds  the  minimum  current  required  for  the  formation  of  a 
cathode  spot.  Subsequently  the  spot  current  is  supported  by  the  main  vacuum  arc  power  supply 
III,  whose  voltage  is  less  than  500  V.  Note  that  only  one  electronic  switch  (for  controlling  the 
magnetic  field)  is  used.  The  time  of  trigger  discharge  ignition  as  well  as  the  time  of  cathode  spot 
formation  are  determined  by  conditions  internal  to  the  discharge  system. 

To  test  these  ideas,  two  special  designs  of  vacuum  arc  ion  source  were  made,  utilizing  the 
Penning  and  magnetron  triggers  [13].  The  LBNL  broad  beam  metal  ion  source,  described  in  detail 
elsewhere  [14,15],  was  used  as  the  basic  ion  source.  Schematics  of  this  ion  source  as  modified  by 
Penning  or  magnetron  trigger  systems  are  shown  in  Figures  2(a)  and  2(b),  respectively.  With  the 
magnetron  trigger  the  source  included  only  a  single  vacuum  arc  (in  a  hollow  cathode  configuration) 
and  the  cathode  spot  was  ignited  on  the  internal  surface  of  the  cylindrical  cathode.  With  the 
Penning  trigger,  because  we  used  a  ring  electrode  as  Penning  anode  it  was  possible  to  use  the 
regular'  multi-cathode  ion  source  with  18  separate  cylindrical  cathodes. 


3.  EXPERIMENTAL  RESULTS 


The  experiments  conducted  fall  into  two  groups,  with  Penning  and  with  magnetron  trigger 
-systems,  and  the  results  were  generally  similar  in  both  cases.  This  is  indicated  for  example  by  the 
ignition  characteristics  shown  in  Figure  3,  where  similar  behavior  in  the  dependence  of  ignition 
voltage  on  background  gas  pressure  is  seen  for  both  kinds  of  trigger  systems.  There  are  two 
regimes  of  gas  pressure,  with  different  effects  on  the  ignition  voltage.  For  relatively  high  pressure 
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the  ignition  voltage  is  approximately  constant  at  about  1  -  2  kV.  As  the  pressure  is  decreased  we 
find  an  increase  in  the  voltage  required  for  stable  operation  of  the  trigger  discharge.  Because  of  the 
high  magnetic  field  strength,  even  for  pressures  near  10'^  Torr  the  voltage  necessary  is  no  greater 
than  10  -  12  kV,  which  is  acceptable  for  many  vacuum  arc  applications.  For  pressures  less  then 
10'5  Torr  the  trigger  discharge  does  not  fail,  but  it  changes  to  a  high  voltage,  low  current  mode 
(Figure  4).  Nevertheless,  stable  arc  ignition  was  still  obtained  even  for  background  gas  pressure 
in  the  1CK>  Torr  region.  More  detailed  investigations  of  current-voltage  characteristic  of  the  trigger 
discharge  revealed  the  existence  of  an  unstable  discharge  zone  between  the  high  and  low  voltage 
modes.  Both  the  discharge  current  and  voltage  fluctuated  from  one  mode  to  the  other,  but  there 
was  always  about  10  microseconds  of  low  voltage,  high  current  discharge.  During  this  time  the 
value  of  ion  flow  from  the  plasma  to  the  negative  electrode  was  enough  to  form  a  cathode  spot. 
With  further  decrease  of  pressure  the  unstable  mode  transferred  to  a  pure  high  voltage,  low  current 
mode.  In  this  mode,  because  of  the  negligibly  low  plasma  density  and,  correspondingly,  the  low 
ion  current  density  from  the  plasma  to  the  cathode,  cathode  spots  were  not  formed. 

As  mentioned  above,  a  strong  magnetic  field  moves  the  vacuum  arc  ignition  process  into  the 
low  pressure  regime.  The  lower  the  pressure  the  stronger  the  magnetic  field  necessary  for  stable 
operation  of  the  trigger  discharge  as  well  as  for  cathode  spot  formation  (Figure  5).  As  the  pressure 
is  increased,  high  magnetic  field  becomes  less  important,  and  for  some  value  of  pressure 
(depending  on  the  magnitude  of  the  high  voltage  trigger)  a  magnetic  field  is  not  required  for 
vacuum  arc  ignition.  Then  the  trigger  discharge  with  oscillating  electrons  changes  to  an  ordinary 
glow. 

We  have  shown  previously  (see,  for  example,  [11])  that  the  background  gas  pressure  has  a 
strong  influence  on  the  charge  state  distribution  of  metal  ions  in  vacuum  arc  plasmas  as  well  as  on 
the  total  ion  current  extracted  from  the  plasma.  Both  the  high  charge  state  fractions  and  the  total 
ion  current  fall  with  increasing  gas  pressure.  As  an  example,  the  behavior  of  the  ion  charge  state 
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distribution  with  an  aluminum  cathode  as  a  function  of  increasing  oxygen  pressure  is  shown  in 
Figure  6. 

There  are  no  major  differences  in  performance  between  configurations  employing  Penning  and 
magnetron  trigger  discharge  systems.  There  are  two  different  pressure  regimes,  having  weak  (on 
the  low  pressure  side  side)  and  strong  (higher  pressure)  influences.  Note  that  in  the  vacuum  arc 
trigger  systems  described  here,  stable  and  reliable  triggering  is  accomplished  at  significantly  lower 
pressures  than  otherwise  possible.  This  means  that  the  vacuum  arc  parameters  do  not  experience 
the  presence  of  the  low  pressure  of  background  gas,  even  though  this  low  pressure  is  adequate  for 
stable  vacuum  arc  triggering.  Our  experiments  have  shown  that  the  lifetime  of  a  vacuum  arc  trigger 
system  based  of  an  oscillating  electron  trigger  discharge  in  a  strong  magnetic  field  can  exceed  ~106 
pulses  at  a  repetition  rate  of  50  pps. 
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Fig.  1 


Schematic  of  the  general  overall  set-up  for  (a)  Penning,  and  (b)  magnetron  trigger 
systems. 

Vacuum  arc  ion  source  configurations  as  developed  for  the  present  work; 

(a)  Penning,  and  (b)  magnetron  trigger  systems. 

Fig.  3  Ignition  voltage  of  Penning  and  magnetron  triggering  systems  as  a  function  of  oxygen 
gas  pressure. 

Fig.  4  Voltage  and  current  of  Penning  trigger  discharge  as  a  function  of  nitrogen  gas 
pressure. 

Fig.  5  Magnetic  field  employed  in  Penning  trigger  system  as  a  function  of  gas  pressure. 

Fig.  6  Ion  beam  current  fractions  as  a  function  of  oxygen  gas  pressure,  produced  by  a  vacuum 

arc  ion  source  with  magnetron  triggering  system. 
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ABSTRACT. 

The  influence  of  high-power  ion  beam  irradiation  and 
final  heat  treatment  regimes  on  phisical  and  chemical  state 
of  titanium  alloy  parts  surface  layers  were  investigated.  It 
was  shown  that  high-power  ion  beam  treatment  allows  to 
improve  the  following  properties;  fatigue  strength  (  by 
30-200%  );  heat  gas  corrosion  resistance  (  in  2-3  times  ); 
erosion  resistance  (  in  1.5-2  times  );  salt  gas  corrosion 
resistance  (  in  6  times  and  more  ).  The  reasons  of  service 
properties  increasing  in  result  of  irradiation  were 
determined.  The  high-power  ion  beam  technologies  are  applied 
into  practice  in  aviation  industry  of  France  and  Russia. 

INTRODUCTION. 

The  high  concentration  fluxes  irradiation  using 
high-power  ion  beam  (HPIB)  is  the  most  progressive  treatment 


among  the  methods  of  surface  processing  of  machine  parts. 
HPIB  application  allows  to  increase  service  properties 
cardinally  [1,2].  The  elaboration  of  technology  for  titanium 
ref rectory  alloys  parts  [3]  (  compressor  blades  of  aircraft 
engines  )  has  been  paid  much  attention.  The  number  of  service 
properties  can  improved  by  HPIB-irradiation  in  this  case 
fatigue  strength;  heat  gas  corrosion;  erosion  and  heat  salt 
corrosion  resistances,  creep,  microhardness  ets  )  [3] .  The 
main  purposes  of  present  paper  are  to  generalize  published 
data  and  to  discuss  new  results  on  the  HPIB  application  for 
service  properties  modification  of  titanium  alloys  parts 
which  are  used  in  aircraft  building  industry. 

EQUIPMENT  AND  MATERIALS. 

There  are  several  models  of  accelerators  (  TEMII,  BEPA, 
MyK,  TOHyc  [3])  for  HPIB  treatment  of  metals  and  alloys. 
These  accelerators  are  defined  by  the  following  parametres: 
beam  content  -  caron  ions  and  protons  (  30-40%  ); 
current  density  in  pulse  -  j=40-500  A*cm“ 2  ; 
pulse  duration  -  t=50-100  ns; 
pulse  frequency  -  f =0.2-10  Hz 
beam  cross-section  area  -  s=60-1000  cm'2  . 

The  BT9,  BT8M,  BT18Y,  BT25Y  and  BT33  titanium  alloys 
[4,5]  samples  and  blades  prepared  according  to  conventional 
mechanical  and  thermal  treatments  have  been  irradiated.  The 
vacuum  annealing  of  the  HPIB-irradiated  samples  and  -details 
was  carried  out  in  the  ULVAK-furnace  at  operation 
temperatures  of  parts  for  structure-phase  state 
stabilization  of  surface  layers.  Marks,  compositions  and 
heat  treatment  conditions  of  titanium  alloys  used  in  present 
work  are  given  below: 


1)  BT8M  (Ti,  Fe-0.2,  Al-5. 8. Mo-33. 7,  Si-0.2,  C<0.1,  0<0. 15. 
N<0. 1.  H<0. 015) ,  annealing  at  920°C,  air,  lh,  aged  at  550°C, 
air,  4h; 

2)  BT9  (  Ti,  Fe-0.25,  Al-7.0,  Mo-3.8,  Zr-2. 5,  Si-0.3,  C<0. 1, 

0<0. 15.  N<0. 05,  H<0. 015  ), annealing  at  960°C,  air,  2h.  aged 

at  550°C,  air,  4h; 

3)  BT18Y  (Ti,  Fe-0.2,  Al-6.3,  Mo-3.4,  Zr-4.5,  Nb-1.5, 

Si-0.25,  Sn-3.0,  C<0.1,  0<0. 14,  H<0. 015,  N<0. 05  ),  annealing 
at  '940 °C,  air,  2h,  aged  at  600°C,  air,  6h; 

4)  BT25Y  (  Ti,  Fe-0.25.  Al-7.2,  Mo-2.5,  W-1.5,  Zr-2. 5, 

C<0. 1.  0<0. 15,  N<0. 04.  H<0. 015) ,  annealing  at  940° C,  air, 

2h,  aged  at  600°C,  air,  5h; 

5)  BT33  (  Ti,  Fe-0. 15,  Al-3.7,  Mo-4.5,  Zr-3.0,  Si-0.25, 

Sn-3.0,  c<0. 1,  0<0. 15,  N<0.05,  H<0.015),  annealing  at  850°C 

air,  lh,  aged  at  550°C,  air,  3h. 

RESULTS  AND  DISCUSSION. 

Influence  of  irradiation  on  state  of  surface  layers. 

The  surface  conditions  of  initial,  irradiated  and  heat 
treated  samples  were  studed  by  the  following  methods:  Auger 
electron  spectroscopy  (  AES  );  X-ray  analysis;  scanning 
electron  microscopy  (  SEM  );  exoelectron  emission;  roughness 
and  microhardness  measurement. 

It  was  shown  that  under  the  different  HPIB  irradiation 
regimes  in  the  near  surface  layers  of  titanium  refractory 
alloys  the  following  processes  run: 

-precipitation  (h=0.2-0.3  pm)  of  fine  carbides  or 
oxicarbides; 

-melting  at  j>40A*cnT2  (h=l-2  pm); 

-sublimation  and  plasma-formation  (h=0.2-0.4pm  per 
pulse  at  high  values  of  J>200  A*cm“2); 

-defects  formation  (  h-10  pm. 


diffraction  lines 


broadening  and  exoelectron  emission  intensity); 

-rapid  cristallization  accompanied  by  the  elements 
redistribution  at  high  pulses  amount  in  dependence  on  the 
distribution  factors  (n=100  pulses); 

-decomposition  and  refinement  of  strengthening  phases 
(TiC;  Ti3Al;  p-phase  in,  (a+0) -titanium  alloys  and  others); 

The  number  of  effects  having  large  practical 

application  have  been  oserved  during  investigation  of  the 
titanium  refractory  alloys  products  surface  conditions  after 
low  temperatures  300-550°C  (  the  vacuum  homogenizing  of  the 
HPIB  irradiated  titanium  refractory  alloy  parts  should  be 
carried  out  for  the  residual  tensile  stress  relief  and 

precipitation  strengthening  of  the  recrystallized  surface 
layer) : 

-recrystallization  with  forming  equiaxed  grains  of  mean 
size  40-60  Jim; 

-annealing  of  defects  formed  under  the  HPIB  irradiation; 

-coagulation  of  carbides  and  formation  of  new  carbide 
precipitates; 

-formation  of  plate  structure  with  high  degree  of 
a-plates  orientation  uniformity  within  each  a-colony  (  alloy 
BT18Y,  Fig.  1  ) 

-'idealization'  of  the  crystal  lattice  (  this  effect  is 
being  developed  in  great  decreasing  of  interplanar  spacing 
and  X-ray  lines  halfwidth,  these  characteristics  being  more 
lower  than  those  observed  in  the  initial  state  after 
vibropolishing  and  even  homogenizing  at  700°C,  (Fig.  2); 

-intensive  growth  of  the  new  phases  germs  in  the 
craters,  (Fig.  3); 

-secondary  decomposition  of  p-phase  in  a-plates  with 
receiving  "suplate"  microstructure  within  each  primary 
a-plate,  and  for  this  secondary  a-plates  can  be  combined  in 


uniformly  oriented  sub-a-colonies,  (Fig.  4). 

It  is  undoubtedly  that  such  considerable  changes  in 
phisical-and-chemical  state  of  the  titanium  refractory 
alloys  surface  layers  resulted  from  HPIB  irradiation  should 
be  led  to  considerable  components  properties  variations  for 
these  alloys. 

Influence  of  HPIB-irradiation  on  the  titanium  alloys 

parts  properties. 

The  influence  of  HPIB  irradiation  on  titanium  alloys 
parts  fatigue  strength  was  investigated  in  present  work. 

Table  1. 

Fatigue  test  results  for  titanium  alloy  samples  after 

HPIB  irradiation  and  diffusive  annealing.* 


Test  conductions  and 
results 


Some  test  results  are  given  In  Table  1.  It  was  shown  that 
without  finishing  heat  treatment  the  value  of  6. i  for  HPIB 
irradiated  samples  was  significantly  lower  than  that  for  in¬ 
itial  state  components. 

According  to  fractography  investigations  increasing 
of  fatique  strength  for  HPIB  irradiated  titanium  alloys 
samples  occurs  both  through  changing  of  fatique  crack 
nucleation  mechanism  and  decreasing  of  fatique  crack  growth 
rate  in  comparison  with  the  initial  specimens.  The  latter  is 
explained  by  decreasing  of  surface  roughness  as  well  as  by 
carbide  precipitates  formation  and  structural  alterations  in 
surface  layers  during  irradiation  and  heat  treatment. 

Table  2. 

Effect  of  HPIB  (E=300  keV,  t=50  ns)  treatment  regimes 
on  gas  corrosion  resistance  of  titanium  alloys  (air, 
T=550  C,  x=200h) . 
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Some  results  of  gas  corrosion  resistance  tests  are 
given  in  Table  2. 

Thus  it  was  shown  that  the  usage  of  HP IB  allows  to 
increase  gas  corrosion  resistance  of  titanium  refractory 
alloy  parts  in  2-5  times.  The  main  reasons  of  corrosion 
properties  improvement  are  following  once:  surface  roughness 
decrease,  formation  of  fine-dispersed  carbide  precipitates, 
"idealization"  of  crystal  lattice  and  structural  stability 
increase  of  surface  layer  material. 

Some  gas  salt  test  results  are  shown  in  Table  3. These  data 
allow  to  conclude  that  using  HPIB  treatment  lead  to  heat  gas 
salt  corrosion  resistance  increasing  (in  6  times  and  more). 

Table  3. 


Corrosion  test  results  for  titanium  refractory  alloy 
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Mechanical  properties  after  HPIB  and  anealing  remain 
without  change  practically. 


CONCLUSION. 

Thus,  using  HPIB  irradiation  and  finishing  heat 
treatment  for  titanium  refractory  alloys  at  optimal  regimes 
it  is  possible  to:  decrease  the  surface  roughness  up  to 
0.06-0.  ljim;  form  structure  with  optimum  grains  sizes  in  the 
surface  layer;  stabilize  material  structure  by  full 
decomposition  of  metastable  phases;  idealize  the  lattice 
greatly  decreasing  the  interplanar  spacing;  form  fine 
carbides  or  oxicarbides  precipitates  in  the  surface  layer; 
provide  optimum  level  of  the  residual  compression  stresses 
in  the  surface  layer;  clean  surface  from  dirts;  heal  surface 
defects  (microcracks,  scratches,  notches,  splits  ends); 
remove  oxide  or  service  damaged  surface  layers  or  aged 
protective  coatings  (0.2-0. 3  /im  per  pulse);  increase  the 
level  of  service  properties  cardinally. 
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High  Power  Ion  Beam  Treatment 

Key  Parameters  of  the  Technique 


Beam  cross  section  area  :  S  =  60  -  1 000  cm 
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Effects  on  surface 
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OPTICAL  MIRRORS 


Some  comparative  data 

The  beaming  strength  of  our  aluminium  mirrors  has  been  risen  to  2  J/ cm"  (for  laser  radiation 
wavelength  of  308  nm)  whereas  the  damage  limit  of  the  most  of  the  existing  aluminium  mirrors 
is  about  0. 7-1.0  J/cm2. 

The  beaming  strength  of  our  aluminium  mirrors  has  been  increased  up  to  88-90%;  known 
samples  of  mirrors  have  86-87%  reflection  factor. 

The  light  scattering  of  our  aluminium  mirrors  is  about  0.1  -0.2%  whereas  the  analogous  value 
for  the  mirrors  known  to  us  is  more  than  0.5%. 

The  film  on  the  glass  endures  more  than  2300  N/cm2  normal  tearing  force  which  is  ultimate 
tensile  strength  of  glass.  The  mirrors  known  to  us  have  films  with  not  so  good  adhesion  which 
is  about  100  N/cm. 


ADVANTAGES 

of  the  high-adhesion  Cu  and  Al  films. 

The  high  films  adhesion  ensures 
improvement  of  strength  and  thermo¬ 
stability. 

Films  can  be: 

•  washed  lightly; 

•  high  temperature  soldered; 

•  heated  up  to  1000°C  in  thermo  oven 
or  by  electrons  beam; 

•  boiled  in  water; 

The  aluminium  and  copper  films  produced 
using  our  technique  have  a  good  corrosion 
stability. 

•  they  don’t  oxidize  in  the  air  and 
don’t  need  any  protective  coatings. 

•  operating  life  of  the  aluminium 
mirrors  in  fluorinated  medium  is 
increased. 


OUR  TECHNIQUE 

makes  it  possible 

to  produce  mirrors  with 
abovementioned  properties  for  using 
them  in  various  areas  (optics,  medical 
and  office  equipment  and  other) ; 

to  produce  complicated  optical  or  other 
units,  which  require  durable  and 
hermetical  joining  of  heterogeneous 
materials  only  by  soldering  (glass-, 
quartz-,  ceramics-,  technical  diamond- 
metal)  ; 

to  shade  glass  and  quartz  ensuring  high 
durability  and  needed  transparency; 

to  apply  decorative  pictures  and 
inscriptions  to  glass,  ceramic  or 
porcelain  goods,  assuring  good 
strength. 
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ATTENTION 


of  the  firms  producing  all  kinds  of  lasers  and/or  using 
them  in  research,  medicine  or  technology! 

OPTICAL  MIRRORS 


GLASS  OR  QUARTZ  BASE  LAYER  COATED  WITH  THE  ALUMINIUM  OR 

COPPER  FILM. 


Mirrors  have  enhanced  performance  due  to  the  new  technique  of  metallic  film  high- 

adhesion  application  to  dielectric  materials. 

Our  mirrors 


JHameler  of 
mirrors 

A1 

tip  lo  350  mm 

Cu 

up  lo  350  mm 

fleamincr 

jlrmyfn 

IS-2.0  J /cm' 

20-30  J /cm* 

(308  nmj 

(i0.6  mxcTons) 

/?e/iecfion  factor 

P 

88  -  90  7. 

S3  7. 

Light  scattering 

0J  -02  7. 

Strength  of 
adhesion 

— 

2300  S / cm* 

2300  S/cm' 

Plasming  iimif 

8-10  1/cm' 

don' meed  any 

protective 

coalings! 


are 

thermoduric! 


arc  stable  in  chemically 
active  Medium! 


are  washable! 


WE  ARE  READY  TO  MAKE  A  CONTRACT  ON  MIRRORS  PRODUCTION 
WITH  THE  FIRMS  INTERESTED  IN  BUYING  THEM. 

The  beaming  strenght  of  the  aluminium  mirrors  produced  using  our  technique  has  risen  to  2  1/cnf  for  laser  radiation  wavelength  of  308  nm 
(  analogous  value  for  the  most  of  aluminium  mirrors  is  about  0.7  -  1 .0  J/cnT) . 

The  beaming  strenght  of  the  copper-and-glass  mirrors  for  infrared  radiation  wavelenght  of  10.6  microns  is  30  J/cm^. 

The  aluminium  and  copper  films  applicated  using  our  technique  have  a  good  corrosion  stability: 

*  they  don’t  become  oxidized  in  the  air  and  don’t  need  any  protective  coatings; 

aluminium  coating  keeps  its  properties  very  durably  in  fluorinatcd  medium  (the  aluminium  mirror  in  the  power  laser  was 
In  operation  for  more  than  2  months  whereas  the  usual  aluminium  films  endure  no  more  than  10  operating  circles  ). 


The  plasming  limit  is  raised  significantly.  J** 

Our  technique  permits  to  reduce  a  size  of  particles  forming  the  Him.  It  means  the  light  scattering  decreasing  to  0. 1  -  0.2  % . 

23 nn 'v/ r rn 7  ™11|  ‘ f ica.n  1 1  y  enhanced  due  lo  ihc  new  technique  but  reflective  effect  hasn’t  been  fallen.  (The  film  on  die  glass  endures 

zJQu  N/cm2  normal  tearing  force,  which  is  ultimate  tensile  strength  of  glass). 

H  offers  some  new  possibilities  and  extends  sphere  of  application  of  this  method. 

Strength  and  thermostability  of  coatings  is  great  because  of  high  films  adhesion. 

Films  can  be: 


•  washed  lightly; 

•  high  temperature  soldered; 

heated  up  to  1000*C  in  thermo-oven  or  by  electrons  beam; 
"  boiled  in  a  water. 


Coatings  with  such  properties  are  obtained  on  the  ~K8m  glass,  quartz,  ceramics  and  glass  ceramic. 


r 
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Deposition  of  the  high  adhesion  metallic  films  on  glass,  ceramics. 

semiconductor. 


The  our  techniques  of  deposition  thin  metallic  films  is  founded  on  the  combination 
of  processes  and  regimes  of  vacuum  deposition  and  ion  implantation.  It  allows  adhesion  to 
increase  30-50  times. 

The  Al  and  Cu  films  on  the  glass  were  tested  at  US  National  Laboratory.  The  results 
of  the  tests  are  the  next: 

1 .  Surface  Roughness 

Approximately  100-150  Angstroms.  This  is  a  high  quality  film  and  matches  the  result 
we  expected. 

2.  Film-substrate  adhesion 

As  measured  by  a  Sebastian-type  pull  tester  using  Sebastian  studs  under  normal 
loading,  is  >  45Mpa.  This  loading  value  is  the  limit  of  the  pull  tester.  Thus  we  can  only 
say  that  the  adhesion  strength  is  greater  than  this  instrumental  limit.  The  film  bonding  is  very 
high. 

t 

The  high  adhesion  of  film  offers  improvement  of  the  following  characteristics  of 

film: 

'-  optical  properties; 

-  mechanical  strength; 

-  thermal  strength; 

-  strength  to  corrosive  media. 

At  present  are  resulted  and  studied  the  film  from  Al,  Cu,  Ti,  stainless  steel  on 
glass,  quarts,  ceramics,  glass  ceramic,  Si,  technical  diamond. 

The  light  scattering  of  aluminium  films  is  about  0,01-0,02%,  whereas  it  for  mirrors 
know  to  us  is  more  than  0,5  %.  Size  of  grain  is  150  Angstroms. 

Our  films  don’t  need  any  protective  coatings. 

Films  can  be: 

-  washed; 

-  high  temperature  soldered  in  a  temperature  range  to  500°  C; 

-  heated  to  800°  C  in  thermo-oven  or  by  electrons  beam; 

-  boiled  in  a  water; 

-  photolithography  and  so  on. 

Our  technique  may  be  used  for: 

-  to  produce  mirrors  with  above  mentioned  properties  for  optics,  medical  and  other; 

-  to  produce  laser  mirrors  for  high-energy  lasers  ( IR  &  UV); 

-  the  producing  complicated  optical  units,  requiring  durable  and  hermetical  joininq  by 

soldering; 

-  the  durable  joining  ceramics  and  glass  with  metals,  other  ceramics  and 

glass,  metal  with  diamond  by  soldering; 

-  the  obtaining  small  transfer  impedance  between  semiconductor  and  thin  metallic 

film. 

The  experiments  confirm  the  possibility  of  using  our  technique  for  solutions  of  the  in¬ 
dicated  tasks. 
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CTOMATOJIOrHHECKOE  3EPKAJIO. 
STOMATOLOGIC  SPECULUM. 

Meron  HaHecemw  BbicoKoaare3HOHHoro  3epKajn>Horo  noKpbrnw  m  ckkjio  3anaTeHTOBaH! 
ripenMymecTBa: 

-  npn  H3rOTOBJieHHH  He  HCnOJIB3yfOTC5I  TOKCHHHbie  BemeCTBa; 

-  BbicoKoe  KanecTBo  H3o6paJKeHHs; 

-  HOBbie  B03M03KH0CTH  CTepiUIH3apHH: 

•  KHnHHeHHe; 

•  HarpeB  b  cymmiBHBix  neqax  ro  TeMnepaTypbi  He  MeHee  200°  C; 

•  o6pa6oTxa  b  aBTOKJiaBe; 

•  bo3moxhoctb  o6pa6oTKH  b  jho6bix  CTepmm3yiomHX  pacTBopax; 
CoOTBeTCTBHe  MeXCayHapOBHblM  Tpe60B3HHHM  npoepHJiaKTHKH  enHA. 


Method  of  application  of  high-adhesion  specular  coating  to  glass  is  patented. 

Advantages:  •  ~  . 

-  toxic  material  are  not  used  in  production; 

-  high-qualitative  image; 

-  new  sterilization  capabilities; 

•  boiling; 

•  heating  in  dryer  up  to  the  temperature  not  less  than  200°  C; 

•  autoclave  sterilization; 

•  sterilization  in  any  sterilizing  solutions. 

* 

The  instrument  meets  the  International  Requirements  for  prophylaxis  of  AIDS. 
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Use  of  Low-Energy,  High-Current  Electron 
Beams  for  Surface  Treatment  of  Materials 


!  i 


Beam  parameters 


•  electron  energy  . 10  to  40 

•  beam  pulse  duration  . 0.5  to  J 

•  beam  energy  density . 0.5  to  40  J /. 


•  beam  cross  section  . . up  to  50 

•  pulse  repetition  rate  . . . up  to  0.2 


•  Increasing  the  life  of  tools  and  articles 

•  Improvement  of  tribotechnical  characteristics 

•  Smoothing  and  cleaning  the  surface  layers 

•  Deposition  of  coatings 
Applications  •  Removing  the  coatings 

•  Formation  of  surface  alloys 

•  Enhancement  of  corrosion  resistance 

•  Improvement  of  vacuum  electrical  insulation 

•  Modification  of  semiconductor  surface  layers 


This  report  was  submitted  on  the  International  Workshop  on  Ion  and 
Electron  Beam  Surface  Technology,  May  20-22,  1996,  Tomsk,  Russia 


Use  of  Low-Energy,  High-Current  Electron  Beams  for 
Surface  Treatment  of  Materials 

D.I.  Proskurovsky,  V.P.  Rotsktein,  and  G.E.  Ozur 

Institute  of  High  Current  Electronics,  Siberian  Division, 

Russian  Academy  of  Sciences,  634055  Tomsk,  Russia 


Abstract 

i 

The  article  describes  the  principle  of  operation  and  characteristics  of  low-energy,  high- 
current  electron  beam  sources  having  no  analog  in  performance.  The  electron  gun  with  an 
explosive  emission  cathode  and  a  plasma  anode,  the  bipolar  pulse  of  accelerating  voltage, 
and  the  guide  magnetic  field  used  in  these  systems  make  it  possible  to  produce  wide  electron 
beams  with  an  electron  energy  of  10  -  45  keV,  a  duration  of  0.5  -  5  /fs,  and  an  energy 
density  of  0.5  -  40  J/cm2,  being  sufficiently  stable  and  uniform  to  be  used  for  technological 
purposes. 

It  has  been  shown  that  the  graded  structures  formed  in  materials  on  irradiation  may 
impart  improved  physicochemical  properties  and  strength  to  the  surface  layers.  This  per¬ 
mits  the  use  of  low-energy,  high-current  electron  beams  for  improving  the  strength  and 
electrochemical  properties  of  pieces  and  tools  and  for  increasing  the  electric  strength  of 
vacuum  insulation.  Some  technological  operations,  such  as  application  and  removal  of 
coatings  and  surface  alloying  can  be  realized  in  the  intense  evaporation  mode. 

Key  words:  pulsed  electron  beams;  surface  treatment  of  materials. 

Introduction 

In  the  last  few  decades,  new  techniques  for  surface  modification  of  metallic  materials 
base  on  the  use  of  concentrated  energy  flows  have  been  developed  extensively.  By  concen¬ 
trated  energy  flows  are  meant  intense  pulsed  laser,  electron,  and  ion  beams  as  well  as  pulsed 
plasma  flows  [1-4].  As  they  act  on  a  material,  there  occur  superfast  heating,  melting,  and 
evaporation  followed  by  superfast  solidification  of  the  material  where  dynamic  tempera¬ 
ture  and  stress  fields  are  formed.  These  processes  together  produce  new  structure-phase 
states  in  the  surface  layers  that  are  able  to  provide  improved  physicochemical  and  strength 
properties  of  the  material,  unattainable  with  ordinary  surface  treatment  techniques. 

The  intense  pulsed  electron  beams  best  suited  for  this  purpose  are  low-energy  (<50  keV), 
high-current(>l  kA)  electron  beams  (LEHCEBs)  since  they  permit  one  to  develop  an  X-ray 
safe  technology  on  the  base  of  a  rather  simple  pulse  power  equipment. 

Below  we  describe  the  principles  of  the  generation  of  LEHCEBs,  the  characteristics  of 
the  LEHCEB  sources,  the  main  regularities  of  the  formation  of  the  beam-affected  zone, 
and  some  examples  of  using  these  beams  for  surface  treatment  of  metallic  materials  and 
articles. 


1.  LEHCEB  sources 

Conventionally,  LEHCEBs,  like  high-energy  beams,  have  been  produced  using  direct- 
action  vacuum  diodes  with  explosive-emission  cathodes  [5-8].  The  beam  duration  in  these 
diodes  is  generally  as  short  as  10”7  s  since  it  is  limited  by  the  time  required  to  the  cath¬ 
ode  and  anode  plasma  to  bridge  the  diode  gap.  Moreover,  the  electron  beams  formed  in 
these  diodes  are  characterized  by  the  presence  of  substantial  local  nonuniformities  in  the 
current  density  distribution  [9].  LEHCEBs  of  duration  ~  10  6  s  allow  one  to  handle  the 
same  material  modification  problems;  however,  an  increase  in  beam  duration  may  improve 
substantially  the  uniformity  of  the  beam-cross-section  energy  density  distribution  and  re¬ 
duce  abruptly  the  mechanical  stresses  generated  in  the  material  on  irradiation.  The  beam 
duration  can  be  increased  by  increasing  the  diode  gap  spacing.  This  way.  however,  is  un¬ 
acceptable  since  it  requires  a  proportional  increase  in  accelerating  voltage  to  conserve  the 
high  (~  5  x  105  V/cm)  electric  field  at  the  cathode  necessary  for  efficient  excitation  of 
explosive  electron  emission  [9]. 

For  increasing  the  electric  field  at  the  cathode  and  the  perveance  of  the  electron  beam, 
plasma-filled  diodes  hold  much  promise.  The  authors  of  Refs.  10  and  11  were  first  to 
describe  a  high-current  electron  gun  where  the  electron  beam  was  formed  in  the  double  layer 
between  the  (explosive  emission)  cathode  plasma  and  the  (preliminarily  produced)  anode 
plasma,  passed  through  a  hole  in  the  anode,  and  got  in  a  collector.  With  an  accelerating 
voltage  of  ~  100  kV,  a  beam  of  duration  ~  1.6  x  10-6  s  and  current  up  to  40  kA  was 
generated.  The  beam  was  highly  nonuniform  because  it  was  strongly  compressed  by  the 
self  magnetic  field,  which  is  unacceptable  for  surface  treatment  of  materials.  Lsing  the 
method  for  production  of  high-current  electron  beams  proposed  in  Refs.  10  and  11,  we 
carried  out  comprehensive  studies  [12-21]  that  have  permitted  us  to  develop  wide-aperture 
sources  of  microsecond  LEHCEBs  with  smoothly  variable  beam  parameters  suitable  for 
technological  applications. 

A  block  diagram  of  the  electron  source  is  given  in  Fig.  1.  The  explosive  emission 
cathode  is  made  of  graphite.  The  anode  is  made  of  stainless  steel  and  has  a  hole  in  its 
center  to  pass  the  beam.  Twelve  graphite-cathode  spark  plasma  sources  are  placed  evenly 
in  a  circle  behind  the  anode.  The  electron  beam  was  transported  in  the  anode  plasma 
to  the  collector.  To  prevent  the  beam  from  pinching,  an  external  magnetic  field  of  up  to 
0.45  T  was  applied. 

The  electron  source  operates  as  follows:  As  the  magnetic  field  reaches  its  maximum,  the 
spark  sources  are  switched  on  and  the  anode  plasma  fills  the  acceleration  gap  and  the  beam 
drift  space.  After  2-3  fis  an  accelerating  voltage  produced  by  a  voltage  pulse  generator 
(VPG)  is  applied  to  the  cathode.  The  anode  plasma,  owing  to  its  good  conductance, 
acquires  the  potential  of  the  anode,  and  the  effective  gap  spacing  in  the  diode  shortens 
abruptly.  This  results  in  the  initiation  of  explosive  electron  emission  from  the  cathode. 
The  voltage  applied  to  the  diode  is  localized  across  the  double  layer  between  the  cathode 
and  anode  plasmas  where  the  electron  beam  is  formed.  Since  the  acceleration  gap  spacing 
is  a  few  centimeters,  the  beam  duration  is  a  few  microseconds. 

With  accelerating  voltages  of  10-25  kV,  a  VPG  producing  a  double  voltage  pulse  con¬ 
sisting  of  a  short  (20-30  ns)  positive  prepulse  and  a  main  accelerating  pulse  of  negative 
polarity.  Within  the  time  of  the  prepulse,  the  anode  plasma  becomes  an  electron  emit¬ 
ter.  Under  the  action  of  an  accelerated  electron  flow,  as  a  result  of  the  ionization  of  the 
desorption  products,  a  dense  (1014-1015  cm”3)  near-cathode  plasma  appears.  This  plasma 
stimulates  uniform  excitation  of  explosive  emission  from  the  cathode  even  at  an  accelerating 
voltage  of  10  kV.  When  the  accelerating  voltage  is  over  25  kV,  uniform  explosive  emission 


at  the  cathode  is  excited  without  application  of  a  prepulse,  which  simplifies  substantially 
the  VPG  design  and  reduces  its  inductance  and  impedance. 

Figure  2  gives  typical  waveforms  of  the  voltage  across  the  diode,  the  diode  current, 
and  the  beam  current  onto  the  collector.  It  can  be  seen  that  up  to  90%  of  the  diode 
current  passes  through  the  anode  hole.  The  beam  transportation  in  plasma  prevents  the 
beam  from  degeneration  into  an  angular  beam  and  from  filamentation  (which  is  typical  of 
vacuum  diodes)  and  permits  the  distance  from  the  anode  to  the  surface  under  treatment 
to  be  increased  to  15-20  cm.  The  highest  efficiency  of  the  conversion  of  the  energy  stored 
in  the  VPG  into  the  beam  energy  (~40%)  is  achieved  with  the  use  of  a  magnetic  field  that 
compresses  the  beam  in  the  diode  region  and  spreads  it  in  the  transportation  region.  The 
beam  energy  density  is  controlled  by  varying  the  VPG  capacitance  and  charge  voltage,  the 
magnetic  field  configuration,  and  the  distance  from  the  collector  (Fig.  3). 

When  using  a  cathode  with  a  plane  emitting  surface,  the  presence  of  an  energy  density 
maximum  in  the  near-axis  region  of  the  beam  is  characteristic  (see  Figs.  3  and  4).  This  is 
related  to  the  fact  that  in  this  region  ions  are  accumulated  within  the  pulse,  which  is  due 
to  the  falling  current-voltage  characteristic  of  the  diode  [20,21].  The  beam  uniformity  can 
be  improved  by  using  a  hollow  cathode  (see  Fig.  4,  curve  2). 

Table  1  gives  the  characteristics  of  the  electron  sources  we  have  developed.  The  sources 
have  been  in  use  from  two  to  six  years.  They  turned  out  sufficiently  reliable  and  simple  to 
operate. 


Table  1: 


Source  parameters 

Type  1 

Type  2 

Type  3 

Electron  energy.  keV 

10-30 

10-30 

20-45 

Beam  current,  kA 

up  to  2 

up  to  15 

up  to  50 

Pulse  duration  r,  fis 

1.5-1. 2 

1-5 

2-4 

Beam  energy  density  Es.  J/cm2 

0.5-6 

1-10 

2-40 

Beam  cross-section  area,  cm2 

up  to  3 

up  to  30 

up  to  50 

Pulse  repetition  rate,  Hz 

up  to  0.2 

up  to  0.2 

up  to  0.2 

Operating  vacuum,  Torr 

10-4-10"5 

10-4-10-5 

10-Mo-5 

Input  power,  kW 

1 

3 

5 

2.  Formation  of  the  beam-affected  zone 

The  principal  factors  that  determine  the  state  and  properties  of  the  beam-affected  zone 
are  the  nonstationary  temperature  fields  that  appear  in  the  surface  layers  as  a  result  of 
the  absorption  of  the  beam  energy  and  the  stress  fields  caused  by  the  nonuniform  heating 
of  the  material.  Let  us  consider  the  characteristics  of  these  fields  for  typical  LEHCEB 
parameters. 

2.1.  Temperature  fields  and  stress  fields 

The  temperature  fields  were  found  by  solving  numerically  a  one-dimensional  heat  equa¬ 
tion  with  account  for  melting  and  evaporation  and  in  view  of  actual  oscillograms  of  the 
current  density  at  the  target  and  the  voltage  across  of  the  diode  [22-24].  Figures  from  5  to 
8  present  the  results  of  the  calculations  for  iron  irradiated  in  the  characteristic  melting  and 


evaporation  modes.  In  the  first  mode,  a  layer  of  thickness  1.2  fim  is  melted;  the  melting 
lifetime  is  ~1  fis.  In  the  second  mode,  a  layer  of  thickness  ~2  /mi  is  evaporated;  the  melt 
thickness  is  ~5.5  fx m,  the  melt  lifetime  is  ~  10~5  s,  and  the  duration  of  the  evaporation 
process  is  ~1.5  //s.  The  velocity  of  the  crystallization  front  sharply  increases  near  the 
very  surface.  This  velocity  in  the  evaporation  mode  (~4  m/s)  is  half  the  velocity  in  the 
melting  mode,  which  is  related  to  the  increased  melt  thickness.  The  cooling  rate  reaches 
its  maximum  (~3x  109  K/s)  at  the  surface  immediately  after  the  passage  of  the  crystal¬ 
lization  front  and  depends  on  the  irradiation  mode  only  slightly.  In  the  melting  mode,  the 
thickness  of  the  heat-affected  zone  (HAZ)  where  the  maximum  temperature  exceeds  the 
recrystallization  temperature  Trec r?  so  that  TTeCr  —  0.4Tm  ( Tm  being  the  melting  point),  is 
~  7  //m,  while  in  the  evaporation  mode,  the  thickness  of  this  zone  increases  to  ~20  fi m. 

An  analysis  of  the  data  available  in  the  literature  [24]  suggest  that  in  iron  irradiated  by 
an  LEHCEB  in  the  initial  melting  mode  (Ws  ~  106  W/cm2)  a  bipolar  stress  wave  is  formed 
whose  amplitude  is  far  below  the  dynamic  yield  limit  of  the  material,  cr0;2  .  In  addition, 
quasi-static  compressive  stresses  act  in  the  HAZ,  whose  magnitude,  according  to  estimates 
[2o],  may  be  over  a***.  After  the  termination  of  the  pulse,  the  near-surface  layer  is  cooled 
and  compressed  at  the  latest  stage  of  the  process.  Therefore,  residual  tensile  stresses  are 
formed  in  this  layer,  whose  magnitude  is  40-S0  MPa,  which  is  about  an  order  of  magnitude 
lower  than  that  of  the  compressive  stresses  acting  on  irradiation.  The  tensile  stresses  have 
a  maximum  at  a  depth  of  ~5  fxm  and  are  localized  within  the  HAZ  (~10  /mi). 

In  the  intense  evaporation  mode  (Ws  ~  107  W/cm2),  the  stress  wave  amplitude,  ac¬ 
cording  to  estimates  [24],  is  close  to  the  yield  limit  of  the  material  and  it  should  be  taken 
into  account  in  analyzing  the  conditions  under  which  the  HAZ  is  formed. 

2.2.  Formation  of  graded  structures 

Investigations  of  the  structure  and  properties  of  iron,  carbon  and  stainless  steels,  and 
titanium  and  aluminum  alloys  irradiated  in  the  modes  of  initial  melting  and  intense  evap¬ 
oration  have  made  it  possible  to  reveal  the  regularities  as  follows: 

1.  The  action  of  an  LEHCEB  results  in  the  formation  of  an  extended  (~  10“" 3  cm) 
depth-graded  defect  and  grain  structure  (Fig.  9)  showing  a  nonmonotonic  depth  variation 
of  the  stress-strain  state  and  the  degree  of  hardening  (Fig.  10). 

2.  The  melt-quenched  layers  have  a  thickness  of  10~4-10“5  cm  and  show  reduced  etch- 
ability  in  acids  (“white”  layers,  Fig.  11).  The  latter  is  related  to  the  fact  that  the  structure 
formed  is  more  homogeneous  than  the  initial  one.  The  most  pronounced  structure-phase 
changes  occur  in  the  near-surface  layers  (0.2-0. 5  //m),  which  correlates  with  the  fact  that 
the  cooling  rate  and  the  velocity  of  motion  of  the  crystallization  front  reach  their  maxima 
at  the  surface.  In  these  layers,  depending  on  the  original  structure-phase  state  and  the  irra¬ 
diation  mode,  secondary  phases  (carbides  and  intermetallides)  are  partially  or  completely 
dissolved. 

3.  The  dimensions  of  the  hardened  zone  may  be  an  order  of  magnitude  and  even  more 
above  the  thickness  of  the  HAZ.  The  most  pronounced  hardening  is  attained  on  irradiation 
of  steels  having  a  martensitic  structure  (Fig.  10).  This  is  related  to  the  fragmentation 
of  martensite  and  the  formation  of  disperse  particles  of  cementite  under  the  action  of 
low-amplitude  bipolar  stress  waves. 

3.  Use  of  LEHCEBs  for  surface  treatment 

The  graded  structures  formed  on  LEHCEB  irradiation  may  impart  improved  physico¬ 
chemical  and  strength  properties  to  the  surface  layers.  In  the  intense  evaporation  modes, 


some  important  technological  operations  can  also  be  realized.  The  principal  results  ob¬ 
tained  on  this  lines  are  presented  below. 

3.1.  Improvement  of  tribotechnical  characteristics 

Tests  with  a  friction  pair  consisting  of  a  rotor  (steel,  HRC  55)  and  a  plate  (ball  bearing 
steel,  HRC  60)  in  the  presence  of  lubricant  have  shown  that  on  irradiation  the  wear  rate 
of  the  plates  decreased  by  a  factor  of  1.5  and  the  friction  moment  decreased  by  a  factor  of 
1.7  compared  to  unirradiated  plates  [24],  It  has  been  revealed  that  this  is  related  to  the 
formation  (on  irradiation)  of  a  structure  consisting  of  finely  divided  martensite  and  a  great 
amount  (up  to  ~60%)  of  residual  austenite  that  transforms  into  martensite  in  the  process 
of  working  loading  [21]. 

Under  the  conditions  of  dry  friction,  the  wear  rate  of  irradiated  plates  almost  halved 
compared  to  unirradiated  plates.  With  that,  the  depth  of  the  friction  trace  was  ~25  /mi, 
which  corresponds  to  the  position  of  the  first  maximum  of  microhardness  (Fig.  10).  This 
points  to  the  fact  that  there  is  a  correlation  between  wear  resistance  and  microhardness. 

Tests  of  metal— polymer  friction' pairs  have  shown  that  the  surface  melting  of  disks  made 
of  titanium  alloys  reduces  the  wear  rate  of  the  polymer  (based  on  PTFE)  by  a  factor  of 
~1.5  [24].  This  is  related  in  the  main  to  the  smoothing  of  the  surface  relief  (Fig.  12). 

3.2.  Increasing  the  life  of  steel  tools 

For  optimal  modes  of  hardening  of  tool  steels  with  a  martensitic  structure,  the  thickness 
of  the  layer  melted  by  the  LEHCEB  is  not  over  ~1  /mi.  Therefore,  the  irradiation  may  be 
the  finishing  technological  operation  in  the  production  of  vital  pieces  and  tools.  Industrial 
tests  have  demonstrated  that  the  irradiation  in  these  modes  allows  a  2-3-fold  increase  in 
the  life  of  cutting  tools  (drills,  cutters)  and  tools  used  for  plastic  metal  working  (punches, 
mandrels). 

3.3.  Treatment  of  hard-alloy  cutting  tools 

Used  in  the  experiment  were  industrial  nonresharpable  cutting  plates  made  of  hard 
alloys  of  type  BK8  (WC-8%Co)  and  type  T5K10  (WC-5%TiC-10%Co).  It  has  been 
established  [27]  that  the  LEHCEB  irradiation  in  optimal  modes  increases  the  tool  life  at 
elevated  cutting  speeds  by  a  factor  of  two  or  three  (Fig.  13).  An  additional  effect  is  attained 
by  annealing  the  tool  after  irradiation,  owing  to  the  removal  of  the  tensile  macrostresses 
in  the  carbide  phase  as  a  result  of  irradiation.  The  increase  in  tool  life  correlates  with  the 
increase  (by  15-20%)  of  the  microhardness  at  the  surface,  which  is  related  to  the  additional 
diffusion  of  the  carbides  in  the  cobalt  binder. 

3.4.  Treatment  of  titanium  alloys 

Experiments  have  shown  that  a  cyclic  LEHCEB  action  on  titanium  alloys  in  the  initial 
melting  mode  not  only  makes  the  surface  much  smoother  (Fig.  12)  but  also  cleans  it  from 
oxygen  and  carbon  impurities  and  improves  the  uniformity  of  the  element  distribution  in 
thickness  in  the  surface  layer  (Fig.  14).  However,  melt  quenching  deteriorates  the  phase 
composition,  and  destructive  residual  tensile  stresses  are  formed.  Subsequent  annealing 
recovers  the  phase  composition,  increases  the  microhardness,  and  raises  the  fatigue  strength 
of  the  workpiece  be  about  an  order  of  magnitude.  The  latter,  as  evidenced  by  fractography, 
is  due  to  the  fact  that  the  surface  destruction  mechanism  changes  to  the  subsurface  one. 


3.5.  Smoothing  of  heat-resistant  protective  coatings 

Heat-resistant  protective  coatings  based  on  Ni  (e.g.,  Ni-Cr-AlW  )  have  originally  a 
rather  rough  surface.  Smoothing  of  the  surface  should  improve  the  performance  of  vanes 
made  of  heat-resistant  nickel-based  alloys.  Experiments  have  shown  [28,29]  that  melting 
of  a  thin  surface  layer  of  such  a  coating  allows  an  increase  in  heat  resistance  (by  259c  at 
1050  °C)  due  to  the  sharp  reduction  of  the  surface  roughness  (Fig.  15).  W  ith  that,  the 
fatigue  strength  of  the  vanes  is  retained. 

3.6.  Removal  of  heat-resistant  protective  coatings 

The  existing  technology  for  removing  a  worked-out  coating  is  characterized  by  a  high 
laboriousness,  a  low  level  of  automation,  and  harmful  working  conditions.  To  eliminate 
these  disadvantages,  LEHCEBs  can  be  used.  Experiments  have  shown  that  a  beam  of 
energy  density  >20  J/cm2  can  efficiently  (1-2  /mi  per  pulse)  remove  this  type  of  coating 
not  changing  the  substrate  structure  and  properties. 

/ 

3.7.  Production  of  highly  concentrated  surface  alloys 

With  beam  energy  densities  of  over  10  J/cm2,  there  is  an  opportunity  of  fast  deposition 
of  coatings  by  evaporating  the  target  in  the  pulsed  mode  with  melting  of  the  surface  layer. 
The  results  of  this  “micrometallurgical”  process,  as  applied  to  a  Cu-Fe  system  on  a  Fe 
substrate,  are  presented  in  Fig.  16.  It  can  be  seen  that  the  total  thickness  of  the  alloyed 
layer  is  a  few  micrometers  and  the  copper  concentration  in  a  layer  of  thickness  ~1  fim  is 
~20  at.%.  The  alloying  is  accompanied  by  cleaning  of  the  surface  from  carbon  and  oxygen 
impurities. 

Efficient  component  mixing  was  also  observed  for  the  system  Al-Fe,  Ti-Fe,  W-Fe,  Ti- 
Cu.  Al-Ti,  and  the  like.  With  that,  the  alloyed  layer  thickness  was  0.5-3  fi m.  Thus,  the 
above  technique  makes  it  possible  to  produce  highly  concentrated  surface  alloys  in  layers 
whose  thickness  is  an  order  of  magnitude  greater  than  that  characteristic  of  high-dose  ion 
implantation  and  pulsed  melting  of  film-substrate  systems  [1]. 

3.8.  Enhancement  of  the  corrosion  resistance  of  stainless  steel 

Cyclic  treatment  of  type  12X18H10T  steel  (steel  302  being  US  analog)  in  the  mode  of 
weak  evaporation  of  the  surface  layer  (~  6  x  10”2//m  per  pulse)  efficiently  cleans  the  surface 
from  undesirable  impurities  and  results  in  the  formation  of  a  fast-quenched  structure  with 
a  smoothed  microrelief.  The  increased  degree  of  chemical  homogeneity  of  the  surface  leads 
to  a  shift  of  the  stationary  potential  to  the  positive  region  and  to  a  significant  decrease  in 
dissolving  current  (Fig.  17)  [30]. 

A  favorable  effect  on  the  corrosion  properties  of  this  steel  is  played  by  alloying  with  tan¬ 
talum  being  a  strong  carbide-producing  element  that  prevents  a  reduction  of  the  chromium 
concentration  in  the  solid  solution.  Experiments  have  shown  that  an  optimal  irradiation 
mode  is  the  single-pulse  mode  that  ensures  initial  melting  of  the  coating-substrate  system. 
With  increasing  energy  density  and  number  of  pulses,  the  corrosion  resistance  of  coated 
specimen  decreases,  as  distinct  from  uncoated  specimens.  Model  experiments  with  a  Ta-Fe 
system  have  shown  [31]  that  as  the  energy  density  is  increased,  the  tantalum  concentra¬ 
tion  at  the  surface  decreases  because  of  its  diffusion  deep  into  the  specimen  and  partial 
evaporation.  This  reduces  the  corrosion  resistance  of  specimens  with  a  coating. 


3.9.  Enhancement  of  the  electric  strength  of  vacuum  insulation 

The  electric  strength  of  vacuum  insulation  largely  depends  on  the  quality  of  the  prelim¬ 
inary  treatment  of  the  electrodes,  aimed  at  suppressing  the  activity  of  the  emission  centers 
on  the  cathode  and  reducing  the  gas  release  from  the  electrodes.  It  has  been  established 
[32]  that  the  LEHCEB  irradiation  of  electrodes  efficiently  smooths  the  working  surface  due 
to  its  melting  and  cleans  the  near-surface  layers  from  impurities  and  dissolved  gases.  This 
treatment  followed  by  conditioning  of  the  vacuum  gap  with  low-current  pulsed  discharges 
reduces  substantially  the  prebreakdown  currents  and  enhances  the  electric  strength  of  the 
vacuum  insulation  (Fig.  18).  The  best  effect  has  been  achieved  for  stainless-steel  electrodes. 

4.  Summary 

The  principle  of  operation  and  characteristics  of  the  sources  of  wide  LEHCEBs  based 
on  an  electron  gun  with  an  explosive-emission  cathode  and  a  plasma  anode  are  described. 
It  has  been  shown  that  the  use  of  these  sources  makes  it  possible  to  develop  new  efficient 
techniques  for  surface  treatment  of  materials. 

We  anticipate  that  the  LEHCEB  sources  can  be  refined  by  using  low-pressure  dis¬ 
charges  in  crossed  electric  and  magnetic  fields  to  produce  anode  plasmas.  Our  preliminary 
experiments  have  demonstrated  that  this  improves  the  beam  uniformity  and  stability.  In 
combination  with  the  use  of  other  cathode  materials,  this  allows  minimization  of  the  pol¬ 
lution  of  workpieces  with  carbon. 

In  our  opinion,  promising  lines  of  use  of  LEHCEBs  are  treatment  of  pieces  made  of 
heat  resistant  titanium  and  nickel  alloys,  hardening  of  hard-alloy  tools,  enhancement  of 
the  corrosion  resistance  of  alloy's,  removal  of  worked-out  protective  coatings,  enhancement 
of  the  electric  strength  of  vacuum  insulation,  and  production  of  highly'  concentrated  surface 
alloy's. 
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Figure  1.  Block  diagram  of  the  electron  source.  1  -  cathode;  2  -  anode;  3  -  plasma  spark  sources; 
4  —  collector;  5  -  solenoid;  6  -  vacuum  chamber;  7  -  control  unit;  8  -  solenoid  power  supply 
unit;  9  -  trigger  unit;  10  -  pulse  generator;  11  -  cathode  plasma;  12  —  double  layer;  13  —  anode 
plasma;  14,  15  -  Rogovsky  coils;  El,  R2  -  voltage  monitor;  RBh-  current  shunt. 


Fig.  2.  Typical  waveforms  of  the  diode  voltage  Vj.  total 
diode  current  /<*,  and  beam  current  lb  for  different  stor¬ 
age  capacitances  C  and  different  storage  capacitor  volt¬ 
ages  Vi:  (a)  -  C  =  0.4/zF,  Vi  =  25  kV;  (b)  -  C  =  3.6/iF, 
Vi  =  40  kV, 
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Fig.  3.  Beam  energy  density  variations  w  vs  storage  capacitor  voltage 
Vi  (a)  and  drift  channel  length  /  (b). 
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Fig.  4.  Beam  energy  density  distribution  vs  beam  radius  r 
for  the  conditions  pointed  out  on  the  Fig.  2a  (a)  and  on  the 
Fig.  2b  (b). 


Table  1.  The  parameters  of  three  versions  of  the  low-energy,  high 
current  electron  beam  source  for  surface  treatment. 


Source  parameters  Type  1 

Electron  energy,  keV _  10-30 

Beam  current,  kA _  up  to  2 

Beam  pulse  duration,  //s  0.5-1. 2 

Beam  energy  density,  J /cmr  0.5-6 
Beam  cross  section,  cm2  up  to  3 

Pulse  repetition  rate,  Hz  up  to  0.2 
Operating  pressure,  Torr  10-4  -  10- 
Power  input,  kW  1 


Type  2 
10-30 
up  to  15 
1-5 
1-10 
up  to  30 
up  to  0.2 
10“4  -  10~5 


Type  3 
20-45 
up  to  50 
2-4~ 
2-40 
up  to  50 
up  to  0.2 


Figure  5:  Time  dependence  of  the  surface  temperature  for  iron  irradiated  in  the  mode  of  melting 
(0.8  /xs,  3.2  J/cm2)  -  (a)  and  evaporation  (2.5  ps,  25  J/cm2)  -  (b). 


Figure  6:  Variation  of  the  position  of  the  melt-solid  boundary  for  iron  irradiated  in  the  melting 
mode  (0.8  ps,  3.2  J/cm2)  -  (a),  the  same  (curve  1)  and  the  variation  of  the  surface  coordinate 
(curve  2)  for  iron  irradiated  in  the  evaporation  mode  (2.5  /is,  25  J/cm2)  -  (b). 
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Figure  9:  Structure  of  the  heat-affected  zone  in  steel  45  treated  with  an  LEHCEB  of  microsecond 
duration 


Figure  10:  In-depth  distribution  of  microhardness  for  a  pre-hardened  steel  45  specimen  irradi¬ 
ated  by  an  LEHCEB  with  r  =  0.7  /is,  Es  =  2.5  J/cm2;  number  of  pulses  N  =  1  (1),  N  =  300 


BlBlifillllilfiBl 


Figure  11:  Structure  of  the  cross-section  of  a 
steel  60  specimen  irradiated  in  the  evaporation 
mode. 
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Figure  12:  Scanned  electron  micrograph  of 
the  surface  of  a  titanium  alloy  taken  after 
irradiation  by  an  LEHCEB  with  r= 0.7  /is, 
Es= 2  J/cm2  ,  yV  =  10.  Seen  below  are  marks  of 
original  mechanical  processing  near  the,  beam 
edge. 


Figure  13:  The  width  of  wear  area  on  the  rear  surface  of  a  cutter  made  of  T5K10  alloy  as 
a  function  of  cutting  length  before  (1)  and  after  (2,  3,  4)  irradiation  with  Es  =  2.7,  4,  and 
7  J/cm2,  respectively.  The  material  under  treatment  -  a  steel  40X.  Conditions  of  cutting: 
S  =  0.14  mm/rev,  d  =  1.5  mm;  V  =  300  m/min. 
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Figure  14:  Concentration  profiles  of  the  elements  in  the  surface  layer  of  a  BT9  titanium  alloy 
specimen  before  (a)  and  after  (b)  LEHCEB  action  with  r  =  2.5  fis,  Es  =  5  J/cm2,  A'  =  100. 
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Figure  15:  Profilographs  of  surface  of  specimens 
with  Ni-Cr-Al-Y  coating  in  initial  state  (1)  and 
after  irradiation  (2). 
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Figure  16:  Concentration  profiles  of  the  elements  in  the  surface  Cu-Fe  alloy  formed  with  the 
use  of  an  LEHCEB  by  Cu  deposition  on  a  Fe  substrate  and  by  surface  melting. 


Figure  17:  Anode  polarization  curves  obtained  for  a  stainless  steel  specimen  in  a  1%  HC1 
solution  under  various  irradiation  conditions:  1  -  original  specimen;  2-^  =  2  J/cm2,  N  =  1; 
3  -  E*  =  5  J/cm2,  N  =  1;  4  -  Es  =  5  J/cm2,  N  =  20;  5  -  Es  =  5  J/cm2,  N  =  100.  Pulse 
duration  r  =  0.7  ns. 


Figure  18:  Conditioning  curves  for  vacuum  gaps  with  stainless-steel  foil  electrodes.  ( 1 )  Prelim¬ 
inarily  electrochemically  polished  electrodes;  breakdown  conditioning  with  high-voltage  pulses 
of  duration  40  ns.  ( 2 )  Preliminarily  LEH CEB-irradiated  electrodes;  breakdown  conditioning 
with  high-voltage  pulses  of  duration  40  ns. 


NUCLEAR  PHYSICS  INSTITUTE 

ENGINEERING  PHYSICAL  CENTER 

CHARGED  PARTICLES  ANALYTICAL  LAB 

The  accelerated  ion  beams  from  Cyclotron  U-120  and  electrostatic  generator  EG-2.5  are  used  for: 

•  a  certification  of  solid  samples  by  destructive  Charged  Particle  Activation  Analysis  (CPAA)  trace 
determination  of  C,  N  and  0  in  wide  various  of  high-purity  materials  with  the  detection  limits  of 
1,  3  and  10  ppb,  respectively; 

•  a  certification  of  solid  samples  by  nondestructive  Charged  Particle  Activation  Analysis  (CPAA) 
and  Heavy  Ion  Activation  Analysis  (HIAA)  trace  determination  of  light  elements  and  isotopes 
with  the  detection  limits  of  0.1  ppm  for  2H,  Li,  Be,  B,  F,  Na,  P,  S,  and  1  ppm  for  K  and  Ca,  and 
10  ppm  for  C,  N,  O; 
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•  a  nondestructive  CPAA ,  HIAA  /  Heavy  Ion  Induced  Gamma  Emission  (HIIGE)  determination  of 
stoichiometric  ratio  of  the  chemical  compounds  and  of  isotopic  ratio  of  elements  with  the 
relative  standard  deviation  of 0.001-0.005, 

•  a  nondestructive  concentration  depth  profiling  of  light  elements  by  Proton  Induced  Gamma 
Emission  (PIGE)  and  of  other  elements  by  Rutherford  Backscattering  Spectrometry  (RBS)  with 
the  depth  resolution  about  n(10-100)A  and  the  detection  limits  1016-1018  at/cm3; 

•  a  certification  of  mineral  raw  materials  by  CPAA-technique  for  direct  isotopic  analysis  of  1870s  in 
0.5  gram-samples:  the  determination  limit  of  1870s  in  M0S2  is  0. 1  ppm  and  relative  standard 
deviation  is  0,05-0,1  for  n(l-0,l)  ppm  1870s  contents; 

•  a  study  of  mass  transfer  processes  in  solids  by  radio-labeling  with  radionuclides  of  nC,  150, 13N, 
18F  and  24Na  implanted  in  sample  under  investigation  via  recoil  from  the  nuclear  reactions 
following  on  heavy  ions:  the  intensities  of  the  radioactive  ion  beams  are  1 07- 1 0s  s'1; 

•  the  HLAA/HIIGE  complemented  by  Elastic  Recoil  Determination  Analysis  (ERDA)  are  used  for 
the  determination  of  hydrogen  isotopes  H  and  D  for  study  of  hydrogen  isotopic  ratio  in  biological 
and  environmental  microprobes:  the  detection  limits  are  about  1  at.ppm  D  and  nlOO  at.  ppm  H 
relative  standard  deviation  is  less  than  0.02. 

Nucl.Phys.Institute,  634050,  Tomsk,  Russia 

Tel:  (3822)  440097, 44062 1 

Fax:  (3822)440812 

E-mail:  remnev@ifc.tiasur.tomsk.su 

Dr.  Remnev  G.E.,  EPC  director 

Dr.  Ryzhkov  V.  A.,  head  of  CPA  Lab 


TECHNOLOGY  AND  EGUIPMENT  FOR  ELECTRO-SPARCLE 
ALLOYING 


The  new  equipment  was  developed  for  hardening  of 
wood-cutting  tools.  It  has  extended  the  technological 
abilities  and  consists  of  movement  of  an  electrode  and 
processed  article. 

Parameters  of  the  eguipment  are  following: 

-  length  700  ran; 

-  width  500  mm; 

-  height  400  mm 

-  weight  <  40  kg; 

-  power  1.5  kwtt; 

-  power  supply  one-phase,  220w  50  Hz. 


Any  standard  sharpening  equipment  or  usual  metal 
treatment  machines  may  be  used  as  a  unit  for  mechanical 
movement.  The  rate  of  the  processing  os  about  600  sm2  a 
dai  (5  round  flat  saws  of  560  mm  in  diameter) . 

It  is  necessary  to  remove  the  corrosion  and  fats  to 
prepare  the  saws  for  hardening.  The  coating  may  be 
carried  out  on  air  or  in  flowing  atmosphere  of  innert 
gas . 


For  more  information  please  contact: 

634048,  Tomsk,  pr . Akademicheskii,  2/1 
Russian  Materials  Science  Center 
Mrs . L . Kornienko 
tel:  (3822)  258  561 

NT  Ltd.  ofRMSC 
Mr.  O. Kashin 
(3822)  908  536 
□HuD-DOF  WOOD-CUTTING  TOOLS 
BY  ELECTRO-SPARCLE  ALLOYING 

The  list  of  tools  may  be  hardened: 


FRAME  SAWS 


HARDENING  OF  WOOD-CUTTING  TOOLS 
BY  ELECTRO-SPARCLE  ALLOYING 

The  list  of  tools  may  be  hardened: 

-  FRAME  SAWS 

-  DISK  SAWS 

-  ROUND  FLAT  SAWS 

-  TIPS  FOR  SHAPER  CUTTING 

-  SHAPER  CUTTERS 

Hardening  of  wood-cutting  tools  made  of  instrumental 
steel  of  any  type  is  realised  by  hard  alloy  coating. 

-  thickness  of  the  coating  may  be  varied  in  the 
range  of  10-200  me  and  defined  by  the  application 
purpose; 

-  technology  of  the  ‘coating  allows  multy-shrpening 

of  the  tools  keeping  the  hardenning  effect; 

-  stanard  sharpenning  eguipment  may  be  used; 

-  to  resharp  the  edge  of  the  hardened  tool  you  may 

sharp  out  1. 5-2.0  times  less  mterial; 

-  there  is  self-sharpennig  effect  during  the  work; 
both  set  and  unset  of  saws  may  be  hardened  by  the 

coating; 

-  the  coated  saws  may  be  set  and  the  coating  remains 
actual; 

-  the  working  resource  of  hardened  tools  is  4-10 

times  higher  as  to  non  hardened  ones. 


The  hardened  saws  are  delivered  to  wood  and 
furniture  plants. 

The  proposed  technology  is  patenting. 


RUSSIAN  MATERIALS  SCIENCE  CENTER 
NT,  LTD 
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CIRCULAR  SAWS 

with  hardened  edge  for  wood  processing  machines 
of  industrial  and  domestic  use 


-  processing  of  logs,  boards,  pressed  wooden,  plates; 

-  the  working  resource  is  3  times  higher  as  compares  with 
non  -  hardened  saws; 

-  sharpening  is  by  abrasive  tools; 

-  multiple  sharpening  and  setting  the  teeth  of  a  saw  do  not 
influence  the  hardening  effect; 

-  saw  diameters  are  of  200,  250,  315,  360  and  400  mm. 
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Russian  Materials  Science  Center  offers  hardening,  sharpening 
and  setting  the  teeth  of  the  saws  as  well  as  deliver  of  the  saws  in 
industrial  volumes. 
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Address:  634021,  Tomsk-21,  Russia 
2/1  Academicheskii  av, 

R.  218,  tel  (3822)  906-821 
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